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Non-catalytic and catalytic gasification have been recently studied as a means of 
converting waste biomass into value-added gaseous products while concomitantly minimizing 
the emission of harmful pollutants. With the incorporation of a homogeneous or heterogeneous 
catalyst, gas products with a hydrogen volume concentration of up to 32-55% and a carbon 
conversion efficiency (CCE) between 67-93% have been achieved. Due to gasification being an 
environmentally benign option to convert waste biomass into valuable products, it is a direct 
competitor to other current waste disposal technologies, such as incineration, combustion, and 
landfilling. This study deals with providing an overall outlook on the current state of non-
catalytic and catalytic gasification. Further, this study also aims to produce hydrogen and 
methane gas while detailing the benefits and limitations of different gasification processes, 
especially for biowaste. The first section of this study compares the different gasification agents 
used in the gasification process. Specifically, steam is chosen as a particularly promising 
gasification agent and is compared with other gasification agents (oxygen and air) to understand 
the specific effects of these agents on the resulting gas quality and quantity. Second, the 
advantages and disadvantages of current reactor configurations for gasification are summarized. 
This section specifically focuses on which reactor configurations are best suited for different 
biowaste feedstocks and how these configurations work to minimize the production of inhibitory 
by-products. Third, influencing process factors (temperature, steam to biomass (S/B) ratio, and 
catalyst selection) are evaluated in terms of their impact on the resulting H2/CO ratio, lower 
heating value (LHV), gas yield, tar yield, and energy recovery. Finally, the current challenges 
facing the field of steam gasification and the future outlooks for this field are presented. 
This study also explores a relatively novel area of gasification, catalytic hydrothermal 
gasification (CHG). This specific type of gasification deals with utilizing the moisture in the 
feedstock as the primary gasification agent and sidesteps the energetically costly step of 
dewatering the feedstock. This portion of the study focuses on the usage of different catalysts on 
the gasification of wastewater resulting from the hydrothermal liquefaction (HTL) of human 
feces. The catalyst screening study revealed that NaOH (46.9%) and Raney Ni (41.2%) resulted 
in the highest H2 composition, while Ru/AC resulted in the highest reduction in the liquid COD 
iii 
(97.7%). A catalyst mixture was then studied combining two heterogeneous catalysts, Raney Ni 
and Ru/AC, at different ratios. A weight ratio of 90% Raney Ni and 10% Ru/AC yielded a H2 
composition of 56.3% indicating that catalyst synergy may exist between these two catalysts 
which further enhances H2 production beyond the ability of each catalyst individually. 
Incorporation of a reaction coordinate diagram allowed for the direct comparison of energy 
recovery, CODr, and H2 composition using a mixed catalyst and varying temperatures and 
retention times (RT). Results showed that the optimal condition to maximize the CODr (64.3%), 
energy recovery (30.3%), and H2 production (37.9%) occurred at a temperature of 400ºC, a RT 
of 60 minutes, and a catalyst to feedstock ratio of 0.1.  
The final portion of this study involves conducting a preliminary examination of the 
impacts of temperature and RT on the non-catalytic CHG of human feces. This portion of the 
study determined that while temperature had a large impact on the gas composition and gas 
quality. Specifically, at 600ºC the CH4 content and CCE were maximized at values of 44.3% and 
51.9%, respectively. The temperature also had a positive influence on the conversion of carbon 
to the gaseous fraction and the conversion of energy to the gas fraction. As the temperature 
increased from 400ºC to 600ºC, the carbon content in the gaseous fraction increased from 26.5% 
to 51.8%, respectively, and the energy content in the gaseous fraction increased from 2.4% to 
32.8%, respectively. On the other hand, the RT only had an impact on the organic matter 
conversion from the feedstock to gaseous products and did not have a large influence on the 
gaseous product composition. As the RT increased from 15 minutes to 120 minutes, the CCE 
increased from 20.2% to 56.8%. Overall, gasification shows both promise as a means of 
producing H2 and CH4 gases and efficiently converting organic matter in the feedstock into the 
gaseous product fraction. However, catalysts need to be employed in gasification processes to 
further enhance the production of valuable gaseous products, improve the efficiency of the 
conversion of organic compounds in the feedstock to gaseous products, and allow for the use of 
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 As a global society, we have become dependent on coal, petroleum, and natural gas to go 
through our daily routine. Tasks as simple as brushing one’s teeth, driving to work, and heating 
one’s home all depend on fossil fuels. Since the industrial revolution, the worldwide demand for 
energy has increased substantially, and it is predicted that this demand will continue to increase 
at an even higher rate in the years to come. According to the U.S. Energy Information 
Administration, the demand for crude-oil is expected to increase by nearly one-third from 87 
MMbbl/d to 119 MMbbl/d in 2040 [1]. However, although society perceives these nonrenewable 
resources as ubiquitous in nature, they are finite. In fact, the limited supply of fossil fuels poses 
grave problems for future generations. Recent studies even suggest that coal will be the only 
natural resource available for energy production after 2042 [2]. Moreover, not only does the 
scarcity of fossil fuels serve as a problem, the large-scale usage of such fossil fuels also causes 
severe environmental deterioration through greenhouse gas emissions [3]. Due to the increased 
cognizance of the world’s scarcity of fossil fuels, recent research has shifted towards the field of 
renewable energy seeking an answer to the age-old quandary: what do we do when fossil fuels 
run out? 
Biomass is currently regarded as a promising next-generation fuel source, and it is 
already the fourth largest energy source after coal, oil, and natural gas. Biomass holds much 
promise as a fuel source, because it can be converted into solid, liquid, and gaseous biofuels via 
thermochemical conversion [4]. One form of biomass that poses an increasing concern 
worldwide is known as biowaste. Biowaste encompasses a variety of waste products including 
municipal solid waste (MSW), sewage sludge (SS), agricultural residues (AR), animal waste 
products (AWP), etc. In 1960 the United States only produced 88.1 million tons (dry weight) of 
MSW. In 2014 this number increased to 258.5 million tons [5]. In Europe, it is estimated that 
sewage sludge is produced at a rate of 10.1 million tons per year [6]. Traditional methods of 
dealing with biowaste involve landfilling and incineration. However, these two methods suffer 
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from a few distinct limitations. Landfilling produces leachate with organic and nitrogen-
containing pollutants that contaminate surface and ground water [7,8], even though this method 
is relatively inexpensive and may produce biogas. Incineration involves high capital and 
operational costs [9] and produces ash which has a high toxic metal concentration [10]. New 
technologies need to be investigated to reduce the volume of biowaste, minimize adverse effects 
to the environment, and produce valuable by-products to make biowaste handling economically 
viable.  
One particularly notable biowaste that has been plaguing developing countries for 
decades is human feces. Due to a lack of access to proper sanitation facilities, nearly 15% of the 
world’s population currently defecates in the open [11]. Open defecation not only causes aquatic 
dead zones, but also leads to severe health risks resulting in significant financial burdens. In 
particular, throughout Southeast Asia, 13 million tons of human fecal matter are released into 
groundwater sources ever year, which incurs an economic burden of greater than $2 billion per 
year [12]. Therefore, properly handling fecal matter has become a pressing issue from a 
sanitation, environmental, and economic standpoint. 
Hydrothermal liquefaction (HTL) is a thermochemical process that operates at elevated 
temperatures (~260-350ºC) and pressures (~10-20 MPa) in order to convert wet organic 
feedstocks into liquefied biocrude oil. HTL is a promising technology to thermochemically 
convert human feces into a fuel because it requires a low total solid content (10-25%), and its by-
products can be controlled by an alteration of the experimental parameters [13]. Previously, 
swine manure has been utilized as a feedstock for HTL purposes. Higher heating values (HHVs) 
of biocrude oil have been reported of up to 38.8 MJ/kg with a biocrude oil yield of 39% [14]. 
Since human feces has a similar chemical composition to that of swine manure, it also has the 
potential to be a promising HTL feedstock. However, one of the main drawbacks of the HTL 
process is that it produces a wastewater known as post-hydrothermal liquefaction wastewater 
(PHWW). PHWW contains a large amount of ammonia, organic compounds, and nitrogenous 
heterocycles, which limits the self-sustaining nature of the HTL process. Therefore, finding ways 
to treat and utilize the wastewater resulting from the HTL of human feces is essential to 
minimize the environmental and economic impacts of the HTL of human feces process. 
Catalytic hydrothermal gasification (CHG) has been proposed as one way to treat high 
moisture content feedstocks, which is also believed to be a promising process for fuel gas 
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production. The process of gasification involves the incorporation of catalysts with high reaction 
temperatures to chemically reform the bonds in organic feedstocks into basic gaseous 
constituents, including H2, CH4, CO2, and CO. CHG utilizes water as the reaction medium, 
which allows this process to bypass the energetically costly step that involves drying the organic 
feedstock. CHG can also selectively produce syngas (H2 and CO) in high concentrations and the 
by-products of this form of gasification are environmentally benign. The benefit of CHG over 
traditional gas and liquid thermochemical conversion technologies is that it has an elevated 
reaction rate and enhanced heat transfer properties due to the use of water as the reaction 
medium [15–18]. 
The research presented in this thesis focuses on reviewing current gasification 
technologies and specifically utilizing human feces and the post-hydrothermal liquefaction 
wastewater produced from human feces (HF-PHWW) after HTL as CHG feedstocks. 
Gasification can be used to reduce the organic matter content of the HM-PHWW and 
concomitantly produce a value-added syngas which can be used to produce liquid and gaseous 
fuels through the Fischer-Tropsch process. The work presented in this thesis aims to conduct a 
catalyst screening study to determine the optimal catalyst for HM-PHWW. Further, this thesis 
also aims to understand the efficacy of utilizing gasification to directly treat human feces without 





LITERATURE REVIEW OF WASTE BIOMASS GASIFICATION 
 
2.1 Gasification Agent Classification 
 
Gasification can be classified as endothermic or exothermic. It can also be classified by 
its agent: air, steam and oxygen. Different gasification agents yield different gas compositions, 
heating values and by-product yields. Table 1 summarizes the performance of three gasification 
agents (air, steam, and oxygen) using MSW as a feedstock [19–21]. As shown in Table 1, it 
appears that steam gasification shows a variety of advantages over the other agents, including an 
increased content of H2, a low tar/char yield, and a high LHV. However, additional information 
is needed to explain how specifically these three gasification agents influence the gas properties. 
 
Table 1. Comparison of the differences in resulting products, gas compositions, and gas usages 
when utilizing different gasification agents (air, steam, and oxygen) for the gasification of MSW. 
a Results provided are the average values of the representative constituents of MSW. 
Characteristic Oxygen
a
 Steam Air 
 
   
Feedstock MSW MSW MSW 
Catalyst No Cat No Cat No Cat 
Moisture Content (%) 8.31 - 7.59 
Temperature (°C) 800 900 777 
S/B - 0.77 - 
ER 0.18 - 0.35 
    
H2 (vol.%) 11.8 28 5 
CH4 (vol.%) 10.3 21 5 
CO (vol.%) 30.3 16.5 19 
CO2 (vol.%) 35.5 17.5 15 
LHV (MJ/Nm3) 8.5 15.02 2.4 
    
Tar Yield (wt.%) 43.5 0.23 11.37 (g/m
3
) 
Char Yield (wt.%) 15.5 7.92 - 
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Table 1 (cont.). Comparison of the differences in resulting products, gas compositions, and 
gas usages when utilizing different gasification agents (air, steam, and oxygen) for the 
gasification of MSW. 
 
 
Dry Gas Yield (m
3
/kg) 
- 0.51 1.4 
Carbon Conversion Efficiency 
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- 44.07 61 
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2.1.1 Steam Gasification 
Steam is viewed as a promising gasification agent because the endothermic reaction 
between the carbon in the feedstock and the steam efficiently transfers the thermal energy in the 
feedstock to chemical energy stored in the product gas [22]. In particular, steam gasification 
produces a greater amount of H2 with a higher heating value compared to air and oxygen 
gasification [23]. This is attributed to steam’s role in promoting the water gas (primary), water 
gas shift, and steam reforming reactions. The steam decomposition and water gas (primary) 
reactions are responsible for the oxidation of the feedstock. In particular, these two reactions are 
responsible for the conversion of organic carbon into H2 and CO. Once combustion of the 
feedstock has occurred, the water gas shift reaction is responsible for the conversion of gaseous 
6 
H2O and CO into H2 and CO2. Table 2 provides a detailed summary of the steam gasification 
reaction mechanisms for typical biowaste feedstock [24]. 
 
Table 2. Chemical reactions and mechanisms present during the steam gasification of biowaste. 
 





CxHyOz + heat → steam + 
biochar + gas + tar 
Endothermic 
Hydrocarbons reforming 
CnHm + 2nH2O → (2n+m/2)H2 + 
nCO2 
Endothermic 
Secondary Tar Cracking 
  
- Tar + H2O → H2 + CO Endothermic 
- 
Tar + H2 → light hydrocarbons + 
gases 
Endothermic 
- Tar + xH2O → yCO2 + zH2 Endothermic 
- Tar → CH4 + H2 + H2O + CnHm Endothermic 
Carbon Oxidation 
  
Boudouard Reaction C + CO2 ↔ 2CO Endothermic 
Water-Gas (Primary) 
Reaction 
C + H2O ↔ CO + H2 Endothermic 
- C + 2H2O ↔ CO2 + 2H2 Endothermic 
Combustion of Char C + O2 ↔ CO2 Exothermic 
Methane Decomposition CH4 + H20 ↔ CO + 3H2 Endothermic 
- CH4 + 2H20 ↔ CO2 + H2 - 
Shift Reaction CO + H20 ↔ CO2 + H2 Exothermic 
Steam Reforming Reaction 
CnHm + 2nH2O ↔ (2n + 
(m/2))H2 + nCO2 
Exothermic 
Water-Gas Shift Reaction CO + H2O ↔ CO2 + H2 Exothermic 
Methane Forming 
  
Methanation Reaction CO + 3H2 ↔ CH4 + H2O Exothermic  
- CO2 + 4H2 ↔ CH4 + 2H2O Exothermic  
 
  Garcia et al. [25] discovered that as the S/B ratio increased, the H2 and CO2 content in the 
gas increased while that of the CO and CH4 content decreased. These trends were also 
corroborated by Hernandez et al. [26] whom gasified dealcoholized marc of grape. This study 
confirmed that the H2/CO and H2/CO2 ratios increased and the CH4/H2 ratio decreased with an 
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increase of the S/B. This signifies the influence of steam on the steam-reforming of tars, water-
gas shift, steam-reforming of methane, as well as the oxidation of carbon reactions. It is clear 
that the char- and methane-reforming reactions were enhanced in the gasification process, 
leading to a decrease in CH4 and an increase in H2. Further, an increased S/B resulted in a 
decreased CO/CO2 ratio, which indicated that the water-gas shift reaction became more 
dominant.  
Steam also reduces the content of recalcitrant by-products during the gasification process. 
Rapagna et al. [27] reported that as the S/B ratio increased from 0.5 to 1.0 the mass yield of the 
tar decreased by 49% and the char content decreased by 76%. This is due to steam inducing a 
variety of condensation reactions with char, which reduces the content of char and makes the 
remainder porous [28,29]. Kihedu et al. [30] compared air and air-steam gasification and found 
that when gasifying pellets made from black pine, air gasification resulted in a tar content of 75.3 
g/m
3
 of gas while that of air-steam gasification produced a tar content of 58.7g/m
3 
of gas. Roche 
et al. [31] further noted that steam decreased the quantity of tar between 17% and 24% more than 
air. 
Although steam gasification has a high higher H2 yield and a lower yield of recalcitrant 
by-products, it is an endothermic process. The addition of steam reduces the overall energetic 
efficiency of gasification in two ways: first, the steam reforming reaction consumes heat; and 
second, supplying additional heat to the reactor is necessary to promote the reaction rates for 
steam reforming reactions [32]. To compensate for these drawbacks, a mixture of oxygen and 
steam has been utilized to provide energy by partial combustion of the feedstock [33]. 
 
2.1.2 Air Gasification 
Air is the most common agent for gasification because it is abundant in nature and simple 
to employ. The performance of air gasification depends on the temperature and the equivalence 
ratio (ER) of the inlet air, as defined in Equation 1:  
 




Where Ci is the air-to-biowaste ratio fed to the reactor; and Cf is the air-to-biowaste ratio 
needed for complete stoichiometric combustion of the feedstock. In particular, the higher the air 
temperature injected into the gasifier, the higher the heating value of the resulting dry fuel gas 
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[34]. Air gasification suffers from a large drawback due to the fact that air contains up to 79% 
nitrogen; the produced gas is thus highly diluted, which increases the cost of gas separation [35]. 
Further, the gas products resulting from air gasification have a low heating value (3.5-7.8 MJ/m
3
). 
Therefore, the usage of air as a gasification agent is often limited to on-site heat and power 
generation [36].  
Figure 1 depicts the impact of ER for both air and oxygen gasification on the product gas 
characteristics and the impact of ER on recalcitrant compound yields. Mohammed et al. [37] 
found that as the ER increased from 0.15 to 0.35 the tar and char yields decreased from 78% to 
62% and 13% to 3%, respectively, for the gasification of empty fruit bunches. The addition of 
oxygen in the air causes the oxidation of tar and char compounds, which diminishes the char and 
tar content while concomitantly leading to the production of CO and CO2. The impact of ER on 
the tar and char yields have been corroborated by other studies [21,38,39]. As the ER increases 
the gasification efficiency (GE) and carbon conversion efficiency (CCE) tend to increase and 
then decrease. Gao et al. [40] reported that as the ER increased from 0.18 to 0.22 the GE 
increased from 61.43% to 68.15% and then decreased to 59.56% as the ER was further increased 
to 0.28 during the gasification of pine sawdust. Zhao et al. [41] reported a similar trend for the 
CCE value for the gasification of sawdust. As the ER increased from 0.22 to 0.31 the CCE 
increased from 81.0% to 91.5% but then decreased to 88.5% as the ER increased to 0.34. This 
trend for the GE and CCE could be explained by the inhibition of heat transfer between the solid 
particles and heater. As more air is added to the reactor, heat transfer from the heater to the solid 
particles is inhibited which could lead to the decrease in the GE and CCE. 
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Figure 1. Illustration of the impact of the equivalence ratio (ER) on the gas quality for air and 
oxygen gasification of biowaste feedstock. 
 
The CO and H2 content in air gasification will initially increase up to a maximum with an 
increasing ER and then decrease. As the ER increases, the CH4 content will continuously 
decrease while the CO2 content will continually increase [39,42,43]. These trends are 
corroborated by Zhao et al. [41], in which it was demonstrated that as the ER increased from 
0.22 to 0.34 the CO content decreased from 25.7 to 21.5 vol. %, the CH4 content decreased from 
2.45 to 0.87 vol. %, and the H2 content decreased from 14.6 to 10.2 vol. %. Meanwhile the 
concentration of CO2 increased gradually from 11.7 to 12.3%, and the lower-heating value (LHV) 
decreased from 6.67 MJ/m
3
 to 4.65 MJ/m
3




2.1.3 Oxygen Gasification 
Oxygen has been frequently employed as a gasification agent due to its ability to produce 
a medium heating value gas and its exothermic nature. The specific trends of an increasing ER 
on the resulting gas characteristics for air and oxygen gasification are similar. Niu et al. [21] 
noted that the heating value of the produced gas could reach up to 8-10 MJ/m
3
 when the ER was 
varied between 0.18-0.23. However, an ER greater than 0.23 caused the heating value of the 
product gas to decline dramatically. This is because as the ER increases, gasification reactions 
begin to favor full oxidation, which heavily increases the CO2 content [21]. This has also been 
corroborated by Gao et al. [40] whom reported a decrease in the H2 and CO content and an 
increase in the CO2 content as the ER increased from 0.05 to 0.30. Compared with air 
gasification, oxygen gasification leads to a higher CCE. Dai et al. [44] reported that as the ER 
increased from 0.9 to 1.3, the CCE increased from 65% to 90%. However, two drawbacks of 
oxygen gasification are the high cost of pure oxygen and the large cost needed to separate 
oxygen from the syngas. Therefore, oxygen is often paired with steam as a gasification agent. 
The combustion resulting from oxygen provides the additional energy needed for the steam-
reforming reactions, while steam increases the H2 content and dilutes the oxygen content.  
  
2.2 Feedstock Parameters Influencing Gasification 
 
2.2.1 Feedstock Composition 
The ultimate and proximate analyses determine the potential for a feedstock to produce a 
valuable gas. Figure 2 displays the average elemental composition of the representative biowaste 
feedstocks calculated in previous gasification studies: MSW [19,45–48], sewage sludge (SS) 
[31,49–52], animal waste products (AWP) [53–56], wastewater (WW) [57,58], and agricultural 
residues (AR) [38,59–63]. Figure 3 displays the average proximate analysis values reported in 
previous gasification studies for MSW [19,45–48], SS [50–52,64,65], AWP [53,55,56], WW 




Figure 2. Illustration of the average ultimate analysis results of previous gasification studies 
using biowaste feedstocks: municipal solid waste (MSW), sewage sludge (SS), wastewater 
(WW), agricultural residues (AR), and animal waste products (AWP). 
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Figure 3. Illustration of the average proximate analysis values reported in previous gasification 
studies utilizing biowaste feedstocks. 
 
2.2.2 Ultimate Analysis 
The larger the amount of carbon and oxygen in the feedstock the greater amount of CO2 
and CO will be produced during gasification. Although at low temperatures (below 600ºC) CH4 
can be produced, the CH4 content will decrease and CO2 and CO content will increase as the 
temperature increases due to the methane reforming and decomposition reactions. This leads to 
waste feedstocks such as MSW and AR having a larger CO and CO2 content in comparison to 
other waste feedstocks. Feedstocks with a larger amount of nitrogen and sulfur lead to the 
production of NOx/SOx emissions and catalyst poisoning. The majority of the nitrogen during 
gasification is in the form of organic complexes and therefore reacts with hydrogen under 
gasification conditions to create ammonia and even hydrogen cyanide. Nitrogen is also released 
to a small extent as molecular nitrogen, nitrogen oxides and various aromatic organic compounds. 
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A small amount of nitrogen is retained in the unreacted solids of the feedstock [66,67]. Sulfur is 
often emitted in the form of H2S under gasification conditions, which leads to difficulty in gas 
treating and separation. Biowaste feedstocks contain less than 1.5 wt.% sulfur. Sewage sludge 
and animal waste products contain the greatest amount of sulfur (~1 wt.% and 0.5 wt.%, 
respectively), for which catalyst poisoning and gas treating methods need to be carefully 
considered [67]. 
 
2.2.3 Proximate Analysis 
Feedstocks with a high ash content lead to problems such as reactor plugging, sintering of 
the catalyst, and proper disposal. Di Gregorio et al. [68] reported that when the ash content of the 
feedstock of poultry manure increased from 17.2% to 25.1%, the GE decreased from 63% to 
33%, the H2 and CO content dropped significantly, and the LHV of the resulting gas decreased 
from 4.3 to 2.6 MJ/m
3
, respectively. Volatile matter is another important characteristic of the 
feedstock. A greater content of volatile matter results in an increased production of tar. Tar is 
composed of primarily aromatic compounds (phenols, benzene, naphthalene, etc.) that volatilizes 
and then condenses under gasification conditions. However, at low temperatures shorter chain 
organics can also cause the production of tar (acids, ketones, aldehydes, etc.). Agricultural 
residues (73-83 wt.%) and MSW (77-86 wt.%) tend to produce a large amount of tar due to their 
high volatile matter contents. Fixed carbon is the solid carbon in the biomass that remains in the 
form of char after de-volatilization. The fixed carbon parameter determines the rate of 
gasification and the gas yield [66]. Since the ash, volatile matter, and fixed carbon content 
directly impact the GE, inhibitory compound production, and gas yield, the proximate analysis 
should be thoroughly investigated in order to select appropriate reaction conditions, catalysts, 
and reactor configurations. 
 
2.3 Gasification Reactor Configurations 
 
There are four types of typical gasifiers utilized for biowaste gasification: fixed bed, 
fluidized bed, entrained flow, and plasma gasifiers. Each type of gasifier has different ranges of 
acceptable reaction conditions, feedstock characteristics, and ash contents. Therefore, 
understanding how each gasifier operates and its specific advantages is important in order to 
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obtain a high-quality product gas with a minimal content of ash, tar and char. Appendix Table 
A.1 provides an overview of the commonly employed gasification systems utilized in recent 
gasification studies and highlights their specific advantages and disadvantages. 
 
2.3.1 Fixed Bed Gasifiers 
Updraft (Countercurrent) Fixed Bed Gasifiers:  
In a typical updraft gasifier, the feedstock enters from the top of the reactor and descends 
to the bottom of the reactor while the gasification agent enters from the bottom of the reactor, 
and the produced gas is drawn out from the top of the reactor. An updraft gasifier offers several 
advantages including a high ash content tolerance and the ability to use high moisture content 
feedstocks. Updraft reactors are also less sensitive to variations in size and the quality of the 
biomass feedstock. On the other hand, updraft reactors accumulate a greater amount of tar (10 
times or more) than that of downdraft gasifiers. 
The product gas in an updraft fixed-bed reactor generally contains a large amount of tar 
due to the countercurrent flow of biomass and the produced gas which is condensed at lower 
temperatures in a counter-flow regime. Tar has been documented to accumulate to as much as 
18.2 wt.% [46] and as little as 4.7 wt.% [59]. With the use of a proper catalyst, the tar formation 
was completely removed in both studies. Countercurrent flow reactors present two major 
advantages: 1) Easy implementation of a heat exchanger to obtain higher energy efficiencies as 
the exit gas temperature remains low at 250ºC (in contrast with 800ºC or above in downdraft 
gasifiers); and 2) Acceptability of high moisture feedstocks as the biomass is quickly dried in the 
countercurrent flow. Therefore, updraft fixed-bed reactors are commonly used for high moisture 
content biowaste feedstocks including SS, AWP, and WW. 
 
Downdraft (Co-Current) Fixed Bed Gasifiers:  
A downdraft gasifier takes in biomass from the top, the product gas leaves at the bottom, 
and steam is injected into the middle of the reactor. This allows for the gasification agent to be 
added at the point of combustion. This flow scheme drastically reduces the tar content in the 
resulting product gas, because the produced gas passes through the char/tar at the bottom of the 
reactor and converts tar/char to into additional product gases including H2, CH4, CO, and CO2.  
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Previous studies indicated that without a catalyst the tar content reached up to 37.8 g/m
3
, 
and with a natural dolomite catalyst the tar content could be reduced to 7.18 g/m
3 
in this reactor 
scheme [69]. Additional studies have shown that the tar content amounted to as little as 0.49 wt.%  
[19] without the incorporation of a catalyst, and the product gas could be directly used for engine 
operation. Two major drawbacks of this type of reactor exist due to the co-current nature of the 
feedstock and the gasification agent: 1) Feedstock selection is limited due to the need for only 
dense feedstocks that won’t interrupt the flow and lead to pressure drops; and 2) The product gas 
leaves the reactor at a very high temperatures, causing a low energy efficiency of the reactor. 
External heat exchanging is necessary to improve its energy recovery and economic feasibility.   
 
2.3.2 Fluidized Bed Gasifiers 
Bubbling Fluidized Bed Gasifier:  
In a typical bubbling fluidized bed reactor, steam is injected into the bottom of the reactor 
and passes through the solid fluidized agent (silica gel). The feedstock is added from the side 
wall of the reactor into the inert fluidized agent. The lower molecular weight compounds 
(volatile gases) will rise to the top of the reactor and exit via an outlet. The higher molecular 
weight compounds (ash, tar, char, etc.) will sink and can be removed by passing through a grate 
at the bottom of the reactor. In most cases, the operating temperature varies between 700ºC and 
900ºC. Although lower temperatures have been utilized for such a reactor, it significantly lowers 
the reaction rates.  
The bubbling fluidized bed reactor provides excellent heat transfer to the feedstock, a 
high degree of mixing, and a high conversion rate attributed to the inclusion of an inert fluidized 
agent. However, one of the drawbacks of utilizing high temperatures with biowaste is that above 
700ºC inorganic alkali metals can begin to combine with the silica sand and form low melting 
temperature eutectics [70]. This causes the fluidizing agent to clump together and lose fluidity. 
  
Circulating Fluidized Bed Gasifier:  
A circulating fluidized bed is quite similar to that of a bubbling fluidized bed. The 
difference lies in feedstock particle recycling. Feedstock particles that are not fully gasified are 
recycled via a cyclone. Once the particles pass through the cyclone, they are then sent back to the 
reactor bed via the return leg of the cyclone. In this type of reactor setup, high gas velocities and 
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low solids content are preferred. These conditions ensure a high degree of feedstock conversion 
and minimize the cost of operation.  
The main advantages of the circulating fluidized bed gasifier include a high heat transfer 
rate from the solid to gas phases, very thorough mixing amongst the bed material and the 
feedstock, and a high amount of gas-solid contact, which result in a high GE and CCE [71]. 
Studies have shown that for agricultural residuals a CCE of up to 100% could be achieved at 
900ºC in this type of gasifier [72]. Further, a GE and heating value of up to 77% and 13.9 MJ/m
3
, 
respectively, have been achieved for the gasification of agricultural residuals, due to the high 
degree of mixing and gas-solid contact [73]. The drawback of this reactor is similar to that of the 
bubbling fluidized bed gasifier. In this reactor setup, the feedstock needs to have a relatively low 
ash content and alkali metal content, as these can cause the formation of eutectics which have 
melting points below that of pure silica. This causes stickiness in the fluidized agent and causes 
agglomeration, which reduce the fluidity of the inert bed material [74].  
 
2.3.3 Entrained Flow Gasifiers 
Typical operating conditions for an entrained flow reactor include pressures of 2-7 MPa 
and temperatures higher than 1,400ºC, much higher than the conditions of the fluidized bed and 
fixed bed gasifiers [75]. In this particular setup, both the feedstock and steam are fed from the 
top of the reactor. As the feedstock moves from the top to the middle, the feedstock and gas are 
exposed to a cooling mechanism, such as a quench cooler. Once the gas and remaining solid 
particulate from the feedstock have been cooled, the produced gas exits the reactor while the 
remaining solid is precipitated out and allowed to drop towards the bottom grate of the reactor. 
The ash forming components melt in the gasifier and leave the reactor at the bottom grate as a 
compound known as slag.  
This type of reactor is very flexible with regard to the feedstock input. The reaction time 
for this type of reactor is fairly short and it leads to a high CCE due to the high temperatures and 
the uniform heat distribution throughout the reactor. Previous reports documented CCE values 
between 86.9-95.8% at 900ºC for the gasification of AR [76]. The extreme reaction conditions 
lead to little tar in the produced gas, and the quench cooler allows the gas to leave the reactor at a 
moderate temperature of 200ºC [77]. A previous gasification study of AR reported a tar content 
below 0.1 wt.% at a gasification temperature of 900ºC [76]. The main disadvantages of such a 
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reaction include the low energy inefficiency due to the large heat input needed to meet the high 
reaction conditions, requirement of a large input of gasification agent, and high capital cost. 
 
2.3.4 Plasma Gasifiers 
Plasma gasification is a relatively new thermochemical technology. In this gasification 
setup, the waste feedstock is fed from the side of the reactor and gas is collected out of the top of 
the reactor. Once the feedstock enters the reactor, plasma torches heat the bottom of the gasifier 
where the feedstock is then gasified at high temperatures (3,500-6,500ºC). Ash and char are 
melted due to the high temperatures and proceed to fall to the bottom of the reactor as slag. The 
slag then exits the reactor at the bottom and is cooled in a quenching pond. 
One of the main advantages of plasma gasification technology is that it can handle nearly 
any hazardous or non-hazardous feedstock. There is no oxygen in the plasma reactor vessel. 
Therefore, rather than being combusted, the feedstock is broken down into elemental molecules 
and converted into syngas. The produced gas from plasma gasifiers leave the reactor at around 
950ºC, while the majority of gasification is performed in the range of 400-900ºC [78]. At such 
high temperatures, the product gas contains very little tar. The tar and ash are melted into the 
form of slag and exit the reactor separately from the produced gas [79].  
The primary disadvantage of plasma gasification technology is the large capital 
investment. This type of gasification technology with the incorporation of biowaste feedstocks is 
still in its infancy stage and much further research is needed.   
 
2.4 Reaction Input Parameters Influencing Gasification 
 
2.4.1 Temperature 
Gasification temperature is one of the most important parameters that impact the product 
gas quality and process energy efficiency. This is due to the fact that most gasification reactions 
are endothermic. Theoretically, an increase in temperature will enhance the endothermic tar 
cracking reactions, thereby reducing the tar content and producing H2, CO, and CO2. Methane 
decomposition reactions are highly endothermic, thus at low temperatures (300-600ºC) CH4 can 
be maintained. However once temperatures are higher than 600ºC, CH4 decomposes via the 
methane and hydrocarbon reformation reactions [80–82]. On the other hand, H2 increases as the 
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overall temperature increases, largely due to the methane decomposition, steam reforming, and 
hydrocarbon reforming reactions. Though the H2 and CH4 production in gasification are well 
documented, there are no definite trends for CO and CO2 production based on literature data for 
biowaste feedstock. The boudouard reaction (Table 2) is one explanation for the ambiguity of 
CO and CO2 formation. Although this reaction is a highly endothermic reaction, which increases 
the amount of CO at the expense of CO2 in the resulting gas, there are other competing reactions 
that consume CO such as the water-gas shift reaction and the methanation reactions. Further, the 
trends become even more complex to predict when other factors are involved such as feedstock, 
catalyst, gasification agent, etc. 
Figure 4 depicts the experimental effects of increasing temperature on non-catalytic 
steam gasification of various waste feedstocks [50,51,60,61]. All feedstocks (mixture of SS and 
pine sawdust, SS, waste wood, and legume straw) followed the theoretical trends of H2 and CH4 
as the gasification temperature increased. In particular, there was a 7.0% increase in H2 and 4.0% 
decrease in CH4 for the gasification of SS (700-1,000ºC) [50], 11.0% increase in H2 and 2.5% 
decrease in CH4 for SS and pine sawdust (600-900ºC) [51], 19.7% increase of H2 and 5.1% 
decrease in CH4 for waste wood (750-950ºC) [60], and 15.0% increase of H2 and 4.0% decrease 
in CH4 for legume straw (750-850ºC) [61]. However, as expected there were no definitive trends 
for the CO and CO2 compositions. While the steam gasification of the mixture of SS and pine 
sawdust, and SS alone, showed decreases in CO2 and increases in CO over the temperature 
ranges, the gasification of waste wood and legume straw showed increases in CO2 and decreases 
in CO. A number of papers have demonstrated that increasing temperatures cause the CO2 
content to lower as the CO content increases [46,50,51,83–86], others have shown the opposite 
trend [45,59–62,87]. The increase in CO at the expense of CO2 can be attributed to the 
boudouard reaction; however, since this reaction directly competes with the water-gas shift 
reaction (which is believed to dominate above 750ºC), there is still ambiguity with regard to the 
mechanisms of the production of CO and CO2. Further research needs to be conducted in this 
area in order to better understand if specific trends exist for CO and CO2 production during high 






Figure 4. The influence of temperature on the resulting gas composition for the steam 
gasification of biowaste feedstock. 
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2.4.2 Steam to Biomass Ratio 
The steam to biomass (S/B) ratio is an important parameter in gasification because the 
steam-reforming reaction is the main reaction to produce H2 in steam gasification processes. 
Other primary reactions that also participate in the production of H2 include tar cracking, the 
water-gas reaction of char, and the water-gas shift reaction. Figure 5 summarizes the impact of 
the S/B ratio on the resulting gas composition for the steam gasification of all biowaste 
feedstocks [45,46,52,59–62,84,85,87,88]. Generally speaking, as the S/B ratio increases, the 
content of CH4 and CO declines, and the content of CO2 increases. Kuo et al. [89] reported that 
when the S/B ratio increased from 0.4 to 2.0, the CO content decreased from approximately 36.5% 
to 22.5%, the CH4 content decreased from 2.4% to 0.6%, and the CO2 content increased from 
13.0% to 20.0%. However, the H2 trend is not monotonic like the other gas production trends. It 
has been shown that the content of H2 first increases with an increasing S/B ratio, and then 
decreases after a certain maximal H2 production has been reached. Chen et al. [80] found that the 
H2 content increased from 38.4% to 45.6% as the S/B ratio increased from 1.3 to 5.3 when steam 
gasifying acid-hydrolysis residues of corncob. Further increasing the S/B ratio from 5.3 to 7.5, 
the H2 content decreased from 45.6% to 42.5%.  
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Figure 5. The influence of the S/B ratio on the gas composition for the steam gasification of 
various biowaste feedstocks.  
 
Figure 6 summarizes the effects of the S/B ratio on the tar content, gas yield, gas heating 
value, and the CCE [45,46,84,90]. There is a critical ratio of S/B that is dependent on the reactor 
system and catalyst application. A number of studies have shown that by increasing the S/B ratio 
higher than 1.0, the heating value of the product gas decreases significantly due to the dramatic 
22 
decrease in the amount of CO and CH4 [89,91,92]. Further, previous studies have noted that the 
CCE [45,84] and gas yield [45,84] will initially increase and then decrease after the critical S/B 
value. Additionally, the tar yield will decrease and then increase after the critical S/B [45,93] 
value. Therefore, understanding the critical S/B value for a specific feedstock is crucial for 
optimizing the gas production. 
 
 
Figure 6. The influence of the S/B ratio on the gas yield, lower heating value (LHV), carbon 
conversion efficiency (CCE), and tar yield for the steam gasification of biowaste feedstock.  
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An increasing S/B ratio not only reduces the tar formation, it also makes the tars more 
phenolic in nature with more C-O-C bonds which are easier to catalytically convert [94]. 
However, some other studies did not agree. Fuentes-Cano et al. [95] found that steam was not 
able to decompose the aromatic and light hydrocarbons and only had a slight influence on the 
decomposition of non-aromatic tar compounds, which is in agreement with previous studies 
[96,97]. Fuentes-Cano et al. [95] further discovered that the yield of gravimetric tars (high 
molecular weight compounds) decreased from approximately 285 g/kg SS to approximately 250 
g/kg SS when steam was added, and at 900ºC decreasing from 110 g/kg SS to 60 g/kg SS. 
However, in this same study it was confirmed that steam did not affect the aromatic non-volatile 
tar. It is still unclear as to the direct impact of the S/B ratio on the tar content. Further studies 
need to be conducted in order to better understand the direct influence that the S/B ratio has on 
not only the quantity of produced tar but also the chemical characteristics of the produced tar. 
One direct use of the syngas resulting from steam gasification is the Fischer-Tropsch 
process. Generally, gasification produces a H2/CO molar ratio of about 0.7, which is well below 
the ideal Fischer-Tropsch ratio of 2. Figure 7 displays how the S/B ratio affects the H2/CO ratio 
of the resulting gas for biowaste feedstock [19,45,46,52,60–62,84,85,87,88]. It is clear that the 
feedstock and S/B value have a significant impact on the overall H2/CO ratio of the resulting 
syngas. It appears that the H2/CO ratio and the S/B have a linear relationship. Specifically, 
between the S/B ratios of 0-1, the H2/CO ratio of the syngas tends to be relatively low (<2), with 
the exception of pine sawdust and coal. This can be explained by the synergistic nature of coal 
and biomass feedstock, which yields a higher H2/CO ratio than typical waste feedstocks because 
the alkali metals in the coal can catalyze the gasification reactions. Between the S/B ratios of 1 
and 2, a wide range of H2/CO ratios were observed. This could be due to a number of different 
factors. For example, different feedstock, catalyst, and reaction conditions would yield different 
H2/CO ratios, leading to a large amount of variability. In this particular S/B range, the resulting 
syngas can have different pathways for different end products such as diesel, gasoline, methanol 
via F-T process, and production of pure hydrogen and ammonia. Between the S/B ratios of 2 and 
3, the produced gas yields a H2/CO ratio greater than 2, leading to a high value syngas product 
(H2, ammonia, etc.). This further signifies that as the S/B ratio increases (>2) the reaction 





Figure 7. The influence of the S/B ratio on the H2/CO ratio of the resulting product gas from the 
steam gasification of biowaste feedstock and the uses for the produced gas. 
 
2.4.3 Incorporation of Catalyst 
Due to the endothermic nature of gasification, catalysts are employed in order to lower 
the activation energy of gasification reactions. The incorporation of catalysts leads to an 
improved gas yield, CCE, GE, and H2 content. Further, catalysts are known to be effective at 
eliminating recalcitrant gasification by-products, such as tar and char. Two main classes of 
catalysts (heterogeneous and homogeneous) have distinct advantages that need to be considered 
based on the desired gaseous product. 
 
Heterogeneous Catalysts: 
A variety of heterogeneous catalysts have been utilized in steam gasification operations 
including natural catalysts (dolomite, hematite, trona) and transition metal catalysts (Ni-Mg-Al, 
Ni, NiO). The main draw of this type of catalyst is that it can be recovered relatively easily once 
the gasification reactions have been quenched. Appendix Table A.2 summaries the gasification 
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of biowaste utilizing homogeneous and heterogeneous catalysts [19,45–47,51–53,59–62,83–
85,87]. 
Natural heterogeneous catalysts have been employed due to their abundance in nature, 
low cost, and the ability to reduce overall tar content in the resulting gas. Guan et al. [84] 
demonstrated that when using dolomite as a catalyst to gasify MSW that the tar content was 
reduced from 9.71 wt.% to 0 wt.%, which resulted in an increase in the gas yield (0.62 to 1.47 
m
3
/kg biomass) and an increase in the overall H2 content (30.6% to 50.2%). In this study, 
dolomite aids in cracking the tar compounds due to its porous nature and high content of alkali 
constituents (MgO, Al2O3, CaO, etc.), which can take part in the reduction of tar. 
Among the transition metal catalysts, Ni and NiO have been employed with a variety of 
supporting catalysts. These catalysts are known for cracking tars to produce gaseous products. 
Wu et al. 2006 [60] found that when employing a commercial Ni catalyst the H2 content reached 
up to 52 vol.% at 750ºC (similar to non-catalytic gasification at 950ºC) and the tar content 
reduced from 27.3 g/m
3
 to 8.3 g/m
3
 in the resulting gas compared with no catalyst. However, Ni 
is notorious for deactivation and sintering during reactions, so catalyst supports have been 
utilized to mitigate fouling. Wang et al. [45] found that when utilizing a NiO/MD (dolomite) for 
the gasification of MSW, the gas yield (0.78 to 1.62 m
3
/kg MSW) increased, H2 yield (21.9 to 
80.7 g H2/kg MSW) increased, while the tar yield (38.7 to 0.23 g/m
3
) decreased, compared to 
gasification without a  catalyst [45]. Not only did the NiO/MD promote tar cracking and H2 
production, the basic oxides (MgO, CaO, etc) on the dolomite support allowed for a high catalyst 
lifetime without diminishing results (10 hours of use) [45]. Ni-Al2O3 has also proven to be an 
effective catalyst to crack tar. In one study, comparing the results of no catalyst to Ni-Al2O3 on 
the gasification of AWP, it was found that the H2 yield increased (3.9 to 16.4 mmol/g manure), 
the CCE increased (23.5 to 40.6%) and the tar conversion increased (27.7 to 1.50 wt.%), 
compared to the results of non-catalytic gasification [53]. 
 
Homogeneous Catalysts: 
Homogeneous catalysts have been employed in steam gasification due to their low cost 
and ability to produce H2. However, these catalysts are difficult to recover from the reaction and 
can lead to very basic and corrosive conditions to the gasifier. Therefore, homogeneous catalysts 
are not as frequently used as their heterogeneous counterparts. Hu et al. [47] utilized CaO as a 
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gasification catalyst and found that as the concentration of catalyst to feedstock ratio increased 
from 0 to 0.7 the H2 content and gas yield increased from 10.7 vol.% and 64.7 mL/g MSW to 
49.4 vol.% and 277.7 mL/g MSW, respectively. However, when the catalyst to feedstock ratio 
exceeded 0.7, the H2 content began to decrease. This trend could be explained by large amounts 
of CaO obstructing heat transfer from the reactor to the reactants. CaO is an excellent catalyst to 
selectively isolate H2, because it is known to be a CO2 adsorbing agent dictated by the following 
reaction: 
 
               (2) 
 
NaOH has also been employed as a catalyst for promoting the production of H2 during 
steam gasification of biowaste. Gai et al. [52] gasified SS and reported that NaOH promoted the 
water-gas shift reaction and increased the H2 content in the resulting gas to 32.4 vol.%, compared 
to 24.0 vol.% without a catalyst. Further, it was observed that using NaOH and other basic 
catalysts such as KOH reduced the amount of CO and CO2 in the resulting gas. This can be 
explained by the fact that KOH and NaOH both react with CO to produce potassium/sodium 
formate and react with CO2 to produce potassium/sodium carbonate [52]. 
 
2.5 Gasification Energy and Exergy Efficiency 
 
Energy and exergy efficiency are two primary indicators of performance that have been 
recently accepted to evaluate different processes in the fields of transportation, chemical 
engineering and agriculture. While energy is defined as the capacity of a system to do work, the 
exergy is defined as the maximum amount of useful work that can be obtained when a system 
moves from one particular state to equilibrium. The exergy efficiency (Ex) in a reaction process 
is defined as the total energy in the syngas divided by the sum of energy in the feedstock and the 
processing energy, such as the heat required as steam.   
 
 
    
      




Where Sm is the mass of the produced gas; SHV is the heating value of the produced gas; 
Fm is the input feedstock mass; FHV is the feedstock heating value; and Es is the energy needed to 
heat the steam to the reaction temperature and other process energy such as pumping.  
S/B is a parameter that heavily influences the exergy efficiency. Hosseini et al. [98] 
reported that the exergy efficiency decreased from 28.0% to 17.0% when the S/B increased from 
0.15 to 0.20 when gasifying sawdust. The same study also showed that the exergy efficiency 
decreased from 17.8% to 16.4% when the moisture content in the feedstock increased from 0.15 
to 0.25 (kg moisture to kg of wet biomass). Further studies have also noted that there exists an 
optimal value of S/B which maximizes exergy efficiency. Figure 8 depicts the impact of the S/B 
on the exergy efficiency of biowaste materials from wood pellets (1,000ºC) and a mixture of 86 
varieties of biomass (700ºC). Wu et al. [99] discovered that at 1,000ºC the energy and exergy 
efficiency increased up to about 83% and 75%, respectively, when the S/B reached 0.53, but 
both values decreased to 71% when the S/B increased to 2.50. Heat recovery was another 
influential parameter for exergy efficiency. Song et al. [100] found that exergy efficiencies 
without heat recovery reached a maximum value of 52.1%, 49.9%, 48.5%, and 46.4% at 700ºC, 
750ºC, 800ºC, and 850ºC, respectively, while the exergy efficiency when recovering the heat 
from steam reached 65.7%, 63.9%, 63.3%, and 61.7 %, respectively, at these same temperatures. 
Heat recovery lead to a 14% increase in the exergy efficiency in comparison to reactions without 
heat recovery. Heat recovery is thus an important consideration for maximizing the energetic and 
exergetic efficiency of steam gasification processes. An appropriate S/B value needs to be 
experimentally determined which maximizes the exergetic/energetic efficiency, H2 selectivity, 




Figure 8. The influence of the S/B ratio on the exergy efficiency (Ex) for the steam 
gasification of biowaste materials. 
 
Steam also contains a considerable amount of energy. Zhang et al. [101] reported that the 
total exergy of the product gas in steam gasification of hinoki cypress sawdust increased from 
1.3*10
4
 kJ per kg biomass to 1.6*10
4
 kJ per kg biomass when the temperature was raised from 
800 to 1,200ºC. However, there is also a significant increase in the amount of energy needed to 
heat the biomass and the gasification agent. From 800ºC to 1,200ºC the amount of exergy needed 




 kJ/kg biomass while the energy used to heat 




 kJ/kg of biomass. This led to a range in the 
overall exergy efficiency of the complete steam gasification process of 49.3-58.5% as the 






3.1 Hydrothermal Gasification Screening Study of HF-PHWW 
 
 The objectives of the research found in this study are broken down into two portions. The 
first portion of this study deals with the CHG of HF-PHWW to determine the impact of different 
gasification catalysts on the resulting liquid effluent and gas composition of the produced gas. In 
order to complete this study, the following objectives were conceived: 
 
 Perform a catalyst screening study to determine the catalysts best suited for improving 
the gas composition (Hhhs content) and liquid effluent quality of the HF-PHWW 
feedstock using CHG as the thermochemical conversion technology. 
 
 Investigate the impact of the catalyst mixing ratio, using two catalysts from the screening 
study, on the gas and liquid characteristics. Two catalysts will be chosen from the 
screening study. One catalyst will be selected that maximized the H2 content, and the 
second catalyst will be selected that maximized the reduction in the organic matter 
content of the HF-PHWW. 
 
 Determine the reaction conditions that lead to the maximization of the H2 content, 
reduction in the organic matter content, and energy recovery with the mixed gasification 
catalysts. 
 
 Compare the results of the CCE, GE, H2 yield, and liquid characteristics with previous 
studies utilizing wastewater as a gasification feedstock. 
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3.2 Non-Catalytic Hydrothermal Gasification of Direct Human Feces 
 
The second portion of this research study involves utilizing human feces directly as a 
gasification feedstock without a catalyst. The purpose of this portion of the study is to better 
understand that under high temperatures and pressures how gasification is able to treat human 
feces. In order to achieve this goal, the following objectives were established: 
 
 Evaluate the impact of the gasification temperature and RT on the gaseous product 
distribution with specific emphasis on CH4 production and the CCE value. 
 
 Analyze the impact of non-catalytic gasification on the energy distribution in the gas, 
solid, and liquid fraction of the gasification product fractions. 
 






MATERIALS AND METHODS 
 
4.1 Feedstock Collection 
 
Human feces samples were collected by volunteers at the University of Illinois at 
Urbana-Champaign. All samples were combined together, mixed, and stored in an airtight 
receptacle in a 4ºC fridge. The moisture content of the human feces feedstock was determined as 
the solid residue remaining at 105ºC after 24 hours. The elemental composition of human feces 
was determined using a CE 440 Element Analyzer (Exeter Analytical, Inc., North Chelmsford, 
MA), and the chemical composition was analyzed according to the methods of the Association of 
Official Analytical Chemists (AOAC). The detailed characteristics of the human feces feedstock 
are shown in Table 3. 
 
Table 3. Comparison of human feces and swine manure characteristics. 
Property Human Feces Swine Manure 
Ultimate Analysis (d.w.%)
a
   
 C 45.5 ± 1.0 41.1 ± 0.2 
H 6.5 ± 0.1 5.42 ± 0.09 
N 5.7 ± 0.1 3.36 ± 0.1 
O
b






  Crude Protein 34.5 ± 0.1 24.5 ± 1.8 
Crude Fat 24.4 ± 0.9 20.3 ± 1.5 
Ash 16.0 ± 0.4 16.3 
Carb
c
 25.0 38.9 
a Dry weight basis. 
 b O (wt.%) = 100 - (C + H + N) (wt.%) 




4.2 HTL Experiments 
 
HTL experiments were performed according to a previously reported method [102]. 
Reactions were conducted in a 100 mL stainless steel reactor vessel equipped with a magnetic 
drive stirrer (Model 4593, Parr Instrument Co., Moline, Il). HTL experiments were conducted at 
280ºC and a RT of 60 minutes. 7 g of human feces (dry wt.%) were placed directly into the 
reactor, and then the reactor was sealed and purged with nitrogen three times. Nitrogen gas was 
then added to an initial pressure of 100 psi in order to prevent the boiling of water during the 
HTL process. After the HTL reaction, water was circulated through the reactor through a cooling 
coil and allowed to reach room temperature. The gas from HTL reactions was first extracted 
using a gas bag. The HTL products were then separated using a glass fiber filter. The crude oil 
was defined as the water-insoluble portion not passing through the filter. The aqueous phase was 
defined as the water-soluble portion that passed through the filter. The solid residue was defined 
according to the ASTM Standards D473-02 and D4072-98. The product distribution average 
values and standard deviations of the HTL reactions are shown in Table 4. The detailed 
characteristics of the resulting HF-PHWW feedstock are detailed in Table 5, and the GC-MS 
results of the HF-PHWW are in Table 6. 
  
Table 4. HTL product distribution for human feces reactions. 
 







Crude Oil Yield (wt.%) Aqueous (wt.%) Gas (wt.%) Solid Residue (wt.%) 
35.6 ± 3.6 42.4 ± 5.9 2.2 ± 1.1 19.8 ± 2.3 
a Based on the dry feedstock 
 
 
Parameter HF-PHWW Swine Manure PHWW 
Total Organic Carbon (mg/L) 18,713 ± 204  -  
Chemical Oxygen Demand (mg/L) 52,134 ± 1,130  60,167 ± 894 
Total Nitrogen (mg/L) 1,186 ± 41 7,344 ± 178 
Total Ammonia Nitrogen (mg/L) 614 ± 59  4,044 ± 141  
Moisture Content (%) 97 ± 0.3  93 ± 2 
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2-Butanone, 3-Hydroxy- 8.26 0.57 
2-Propanone, 1-hydroxy- 8.47 2.48 
2-Cyclopenten-1-one 9.11 0.69 
Acetic Acid 10.03 37.37 
Furfural 10.39 0.56 
2-Butanone 10.58 0.51 
2,5-Hexanedione 10.98 2.07 
Furfural, 5-methyl- 11.76 1.22 




2-Pyrrolidinone 16.86 0.60 
2-Hydroxy-gamma-butyrolactone 18.10 0.60 
Glycerol 19.36 34.76 
5-Hydrxoymethylfurfural 20.87 2.81 
 
 
4.3 Gasification Experiments 
 
CHG reactions were carried out utilizing a batch setup similar to that of previous studies 
[103,104]. The reactor parts and all necessary fittings and accessories were purchased from 
Swagelock. The gasification reactors were composed of 14” stainless steel tubing, stainless steel 
capillary, high pressure gauge, and high pressure valve. All reactions were conducted in a high 
temperature furnace (Thermo Scientific, Linbderg Blue M Muffle Furnace). Figure 9 provides a 
representative depiction of both the furnace that was used for gasification experiments along 










Figure 9. Furnace used for gasification experiments (left) and representative depiction of a 
gasification batch reactor (right). 
 
Catalysts utilized in the screening study included 6-14 mesh activated carbon (AC), 
Raney Ni (Ni, ≥ 89%; Al, 6-9%), Pt/AC (5 wt.% Pt on a dry basis), Ru/AC (5 wt.% Ru on a dry 
basis), NaOH, CaO, Ni/Al2O3 (~65 wt.% Ni on a dry basis), Pt/Al2O3 (5 wt.% Pt on a dry basis), 
and Ru/Al2O3 (5 wt.% Ru on a dry basis). Ni-Mg-Al was prepared according to a previous study 
[105]. Prior to experimental runs, the HF-PHWW was placed in a 4ºC fridge and mixed before 
use. 5.0 mL of HF-PHWW was placed in the stainless-steel reactor along with the necessary 
catalyst to ensure the needed catalyst/feedstock ratio. The reactor was then sealed, mixed, and 
purged three times with nitrogen to ensure an inert headspace gas. Prior to each run a leakage test 
was performed in order to ensure appropriate seal of the reactor. The reactor along with the 
attached capillary and pressure gauge were then placed in the furnace. The experiment 
commenced once the furnace reached the designated reaction temperature. Once the 
predetermined residence time was reached, the reaction was quenched by placing the reactor in a 
water bath until it reached room temperature. The gas volume was then measured, gas samples 
were collected for characteristic analysis, and the resulting liquid was collected for further 
analysis. 
 
4.4 Analysis of Gas and Liquid Products 
 
The chemical oxygen demand (COD) and the ammonia content of the CHG liquid 
effluent were analyzed as indicators of liquid quality. The COD was measured using a COD test 
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kit (Hach, TNT-282) and the ammonia content was measured using the Nessler Nitrogen-
Ammonia Reagent Set (Hach, 2458200) after the liquid samples had been diluted and filtered 
using a 45 µm filter. 
Gaseous products were analyzed using a gas chromatograph (Shimadzu GC-780) 
equipped with a TCD detector. The GC column (Ohio Valley Specialty, ZW7547) was 18 ft. 
long with an outer diameter of 1/8” and packed with silica gel. The H2, CH4, CO, and CO2 
content were all analyzed by the same chromatograph and with the same column, utilizing 
nitrogen as the carrier gas. The results obtained are reported as the gas volume fraction. The 
volume percentage of each gas was converted to moles using the ideal gas law and then the mass 
of each gaseous product was obtained. 
 
4.5 HF-PHWW Energy Recovery 
 
The energy recovery of the HF-PHWW was calculated by first determining the most 
prevalent acids and alcohols present in the feedstock using the chemical composition obtained 
from GC-MS (7890A, Agilent Technologies, Santa Clara, CA). The mass spectra were 
interpreted according to the NIST Mass Spectral Database (NIST08) and W8N08 library (John 
Wiley & Sons, Inc.). The internal standard (3-methyl butanoic acid, 0.1 μM) was used to 
normalize all data before the comparison between samples. The detailed procedure for the 
determination of the chemical composition of the aqueous phase from the HTL reaction can be 
found in a previous study [106]. The quantification of acids was conducted by a high-
performance liquid chromatography (Shimadzu Scientific Instruments, USA) equipped with a 
refractive index detector and an Aminex HPX-87H column (Bio-RAD, California, USA). The 
Dulong formula was then utilized in order to determine the heating value of the feedstock [107]: 
 
              (
  
 





Where C, H, and O are the mass percentages of the chemical compounds in the HM-
PHWW feedstock. The heating value (MJ/L) was calculated under the assumption of STP 
36 
conditions (0ºC, 1.0 atm). The heating value for the feedstock was then compared to the heating 
value of the resulting gasification gas in order to quantify the energy recovery. 
 
4.6 Terms and Definitions 




      
    
    
      (5) 
 
Where CODf is the COD of the post-CHG liquid (mg/L) and CODi is the initial COD of 
the HF-PHWW (mg/L). 
The reduction in the ammonia content (Ar) of the resulting liquid product is defined as: 
 
 
    
  
  
      (6) 
 
Where Af is the ammonia content (mg/L) of the post-CHG liquid and Ai is the initial 
COD of the HF-PHWW (mg/L). 
The carbon conversion efficiency (CCE) is defined as:  
 
 
     
∑  
∑  
      (7) 
 
Where ∑   is the total content of carbon in the resulting gasification gas (CH4, CO, CO2), 
and ∑   is the total content of carbon in the initial HF-PHWW liquid (ultimate analysis carbon 
content). 
The gasification efficiency (GE) is defined as: 
 
 
    
∑  
∑  
      (8) 
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Where ∑   is the mass fraction of the gaseous products (nitrogen-free basis), and ∑   
is the mass fraction of the input feedstock (dry basis).  
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CHAPTER 5 
RESULTS AND DISCUSSION 
 
5.1 Screening Study Results for the CHG of HF-PHWW 
 
5.1.1 Catalyst Screening Study 
Figure 10 displays the gas and liquid characteristics resulting from the catalyst screening 
gasification study conducted at 400ºC, a 60-minute retention time (RT), and a catalyst/feedstock 
(C/F) ratio of 0.1. From the data presented in Figure 9, NaOH produced the highest H2 content 
(46.9%) and one of the lowest CO2 contents (49.7%). This is due to the role of homogenous 
catalysts in promoting the adsorption of CO2 to produce carbonate salts and water which enhance 
the water-gas shift reaction [108]. Conversely, AC produced the lowest amount of H2 (4.1%) and 
the highest amount of CO2 (80.4%). These results stem from the low catalytic activity of AC at 
low temperatures, leading to AC only being able to adsorb organic compounds at such low 
reaction conditions [109]. In order for AC to be an effective gasification catalyst, temperatures 





Figure 10. The gas composition (top) and liquid characteristics (right) resulting from the CHG 
catalyst screening study of HF-PHWW at 400ºC, a 60-minute RT, and a catalyst to feedstock 
ratio of 0.1. 
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 Ru/Al2O3 (31.7%) and Ru/AC (31.8%) produced the largest content of CH4 and the 
lowest amount of CO2, 39.5% and 40.7%, respectively. In this study, the Ru catalyst support did 
not have a large impact on the resulting gas composition. A previous study has also shown little 
impact of the Ruthenium catalyst support on the gas composition during the gasification of 
glucose [110]. On the contrary, Pt/Al2O3 (21.5%) and Pt/AC (25.9%) yielded a similar H2 
content, but different CH4 contents, 7.8% and 17.7%, and CO2 contents, 67.0% and 51.7%, 
respectively. 
All trials produced a minimal content of CO (1.1-6.3%). The low content of CO can be 
attributed to the water-gas shift reaction, which acts in unison with the gasification catalysts to 
produce CO2 and H2 at the expense of CO [111,112]. Previous wastewater gasification studies 
have also confirmed the low content of CO in the produced gas. [57,113–115]. In this study, 
Raney Ni was further investigated, because it produced the highest content of H2 (41.2%) of all 
other heterogeneous catalysts. Although NaOH (46.9%) and CaO (32.5%) both produced a large 
content of H2, these homogenous catalysts act as more of a reactant rather than a catalyst and 
extremely difficult to recover after reaction. Therefore, only heterogeneous catalysts were 
considered for further investigation, because such catalysts can be recycled after reaction thereby 
improving the economics of the gasification process. Although this study does not focus on the 
recycling of catalysts, this is an area of interest that should be explored in the future. 
With regard to the liquid characteristics, Ru/AC lead to the highest CODr (97.7%) while 
NaOH lead to the lowest CODr (35.8%) of all catalytic runs. The low CODr for both NaOH and 
CaO (44.9%) trials could have resulted from the formation of intermediate organic acid products 
such as HCOOH. Enhancing the RT or temperature would raise the CODr values for these trials 
due to the conversion of organic acid intermediates into H2 and CO2. Similar results have been 
shown for K2CO3 in a previous study [116]. Catalytic trials involving an AC support, Pt/AC 
(95.6%) and Ru/AC (97.7%), both showed a high ability to remove organic matter from the HF-
PHWW. This could be due to the ability of AC to adsorb organic compounds to its surface 
through Van-Der Waals forces. More research needs to be conducted to understand if the role of 
AC as a catalyst support is aiding in gasification or adsorption of organic materials. 
One interesting trend to note is that while AC lead to the highest reduction in the total 
ammonia nitrogen (Ar) (74.6%), Ru/AC lead to the lowest Ar (21.2%). The differing ammonia 
results for these two catalysts was intriguing, because both utilized activated carbon as a 
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direct/indirect gasification catalyst. The discrepancy of these results can be explained by the 
enhanced reaction rate of ammonia production using ruthenium at elevated temperatures [117]. 
This leads to a competitive nature between the adsorption of ammonia by the AC catalyst 
support and the production of ammonia by the ruthenium metal. 
In order to optimize H2 production and liquid effluent organic matter content, two 
catalysts were chosen for further study. Raney Ni and Ru/AC were both chosen due to their 
ability to produce a large H2 content and ability to reduce organic matter content, respectively. 
 
5.1.2 Effect of Temperature 
Figure 11 depicts the effect of temperature (350, 400, 450, 500ºC) on the liquid and gas 
characteristics for the CHG products with a constant RT of 30 minutes, a C/F of 0.1, and a Raney 
Ni to Ru/AC (Ni:Ru) ratio of 0.5. As the temperature increased from 350 to 500ºC, the CH4 
content increased from 10.2% to 24.1%. This is attributed to the increased C-C bond breaking 
ability of the Ru/AC catalyst as the temperature increases. One interesting trend to note is that 
the H2 content initially increased up to a maximum of 38.6% at 400ºC and then decreased to 28.2% 
as the temperature was increased to 500ºC. This could be attributed to multiple methanation 
formation reactions that are favored at low temperatures (<600ºC). At 400ºC the rate of 
formation of H2 is much higher than that of CH4, but as the temperature increases H2 is 
consumed by the methanation reaction and used to produce CH4. This could also explain the lack 
of a continual decrease in CO2 as the temperature increases. Although the water-gas shift 
reaction leads to an increase in H2 and CO and a decrease in CO2 as the temperature increases, 
the methanation reaction and boudouard reactions overpower the water-gas shift reaction at 
higher temperatures (>400ºC) leading to the trend seen in Figure 11. Previous studies have also 
noted that higher temperatures and residence time favors the methanation reaction leading to a 
lesser H2 content and a greater CH4 content [115,118,119]. 
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Figure 11. The effect of temperature on the liquid and gas characteristics with a 30-minute 
RT, a C/F of 0.1, and a Ni:Ru of 0.5. 
 
Temperature also had a positive impact on the liquid characteristics. As the temperature 
increased from 350 to 500ºC, the CODr and Ar increased from 27.8% to 64.3% and 41.5% to 
59.3%, respectively. At higher temperatures gasification reactions were enhanced due to the 
endothermic nature of most gasification reactions (Table 2), leading to the production of gaseous 
products. A similar trend was seen in a previous study where increasing the temperature from 
400ºC to 550ºC lead to an increase in the CODr of black liquor from approximately 25% to 75% 
[58]. 
As the temperature increased, both the CCE and GE showed near linear increases in their 
respective values. As the temperature increased from 350ºC to 500ºC the CCE and GE increased 
from 26.8% to 81.1% and 15.5% to 47.1%, respectively. However, as the temperature increased 
the H2/CO ratio initially increased to a maximum at 400ºC (12.9) and then drastically deceased 
as the temperature increased to 500ºC (6.1). This trend is due not only to the methanation 
reaction which utilizes H2 in the production of CH4, but also due to the increased content of CO 
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from the boudouard reaction. The CO/CO2 ratio also details the trend of these two gaseous 
compounds. Therefore, it appears that as supercritical water conditions are exceeded (375ºC) the 
CO/CO2 first decreases and then continually increases due to the production of CO from the 
boudouard reaction past supercritical water conditions. 
 
5.1.3 Effect of Retention Time 
Figure 12 depicts the influence of RT (15, 30, 45, and 90 minutes) on the liquid and gas 
characteristics with a constant temperature of 400ºC, a C/F of 0,1, and a Ni:Ru of 0.5. As the RT 
increased from 15 to 90 minutes, the CH4 content increased from 11.9% to 32.1%. Further, from 
the data presented in Figure 12, it can be seen that the H2 content initially increased and then 
decreased. It reached a maximum value at 30 minutes with a value of 38.6% and a minimum 
value of 24.2% at 90 minutes. It can therefore be concluded that the methanation reaction begins 
to dominate at higher temperatures and RTs leading to the favorability of CH4 over H2 at higher 
reaction conditions. H2 production can thereby be maximized at a lower temperature with a 
higher RT or a high temperature with a low RT, respectively. The CO content did not show 
much of a change in both the temperature and RT tests, consisting of only a content of < 5% in 





Figure 12. The effect of RT on the liquid and gas characteristics with a reaction temperature of 
400ºC, a C/F of 0.1, and a Ni:Ru of 0.5. 
 
As the RT increased from 15 to 90 minutes the CODr increased from 30.5% to 73.2%, 
respectively. This is due to a longer RT leading to a greater amount of feedstock/catalyst contact 
and thus an enhanced rate of gasification. However, the Ar did not show as linear of an increase 
as that of the CODr. As the RT increased from 15 to 90 minutes the Ar increased from 41.5% to 
61.9%, respectively, showing only a 2.6% increase in Ar from 60 to 90 minutes. 
As the RT increased from 15 to 90 minutes the CCE increased from 27.6% to 95.2%, 
respectively. This symbolizes that nearly all carbon in the HF-PHWW feedstock was converted 
into the gaseous product at a RT of 90 minutes. The GE also had a large increase from 15 
minutes (15.9%) to 90 minutes (55.1%). The HF-PHWW contains an abundance of nitrogen-
containing compounds. Therefore, it seems that although most carbon-containing compounds 
were gasified, the remaining compounds were nitrogenous compounds, since there is little to no 
inorganic compounds present in HF-PHWW. Similar to the temperature results, as the RT 
increased CO2 was converted to CO and the H2/CO ratio displayed a sinusoidal trend initially 
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increasing from 15 (8.4) to 60 minutes (14.4), and then substantially decreasing after 90 minutes 
(6.2).The increased CODr, CGE, and GE values with an increase in RT have also been shown in 
previous supercritical water gasification studies [15,58,115,119,120]. 
 
5.1.4 Effect of Ni:Ru Mixing Ratio 
In order to understand if synergistic effects existed between Raney Ni and Ru/AC, the 
mixing ratios between these two catalysts were investigated. Figure 13 depicts the influence of 
the Ni:Ru mixing ratio (0.1, 0.25, 0.75, and 0.9) on the liquid and gas characteristics with a 
constant temperature of 400ºC, a catalyst to feedstock ratio of 0.1, and a RT of 30 minutes. As 
expected, as the ratio of Ni:Ru increased from 0.1 to 0.9 the amount of CH4 decreased from 20.4% 
to 4.8% and the content of H2 increased, from 28.1% to 56.3%, respectively. In fact, a Ni:Ru 
ratio of 0.75 (46.6%) and 0.9 (56.3%) produced more H2 than pure Raney Ni (41.2%) in the 
screening study. This could be attributed to catalyst synergy among the mixture of Raney Ni and 
Ru/AC. In particular, Ru/AC breaks C-C bonds in favor of CH4 formation, which by Le 
Chatlier’s principle enhances the methane decomposition reaction in favor of the production of 
H2. Further research should be conducted to better understand the ideal ratio Ni:Ru for optimal 
H2 production and if greater H2 content percentages can be attained by further varying the 
different reaction conditions. 
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Figure 13. The effect of the Ni:Ru mixing ratio on the liquid and gas characteristics with a 
reaction temperature of 400ºC, a catalyst to feedstock ratio of 0.1, and a RT of 30 minutes. 
 
The CODr showed a decreasing trend from 72.0% to 30.6% as the Ni:Ru ratio increased 
from 0.1 to 0.9. This indicated that if cleaning the wastewater is the main goal, a larger portion of 
Ru/AC should be utilized, as Ru/AC adsorbs and gasifies compounds in the feedstock, unlike 
Raney Ni which just gasifies the feedstock components. Therefore, as the amount of Raney Ni 
increases the amount of oxidizable compounds in the resulting effluent increases leading to a low 
CODr value. Conversely, no definitive trend was observed with the Ar values. 
With regard to the gas characteristics, as the Ni:Ru ratio increased from 0.1 to 0.9 the GE 
increased from 13.8% to 35.3%, respectively. However, the increase in GE became diminished 
as the Ni:Ru ratio increased, indicating that reaction conditions need to be enhanced (reaction 
temperature, RT) before more of the solid compounds can be converted to gas. Further, the same 
trend exists for the CCE values, increasing from 23.7% at 0.1 and 57.9% at 0.9, respectively. 
This signifies that there is a still large portion of carbon-containing compounds remaining in the 
resulting liquid effluent. However, the resulting liquid effluent could be utilized as a carbon 
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source for the growth of biomass such as algae. Another advantage of an increasing Ni:Ru is that 
the H2/CO ratio is very high. The H2/CO ratio increased up to a maximum of 36.8 at a Ni:Ru of 
0.9. Therefore, this gas could be utilized in the Fischer-Tropsch process to produce high value 
chemicals, or it could be utilized to produce pure hydrogen or ammonia. However, there remains 
a large amount of CO2 gas, therefore CO2 adsorption techniques need to be further explored in 
order reduce CO2 production from the gasification process and further purify the fuel gas stream. 
Moreover, additional studies should be conducted to utilize the process gas in the Fischer-
Tropsch process to see if this is a feasible option for CHG gaseous products. 
Table 7 depicts the detailed of the Ni:Ru ratio on the gas yields, efficiencies, and 
composition with a reaction temperature of 400ºC, a catalyst to feedstock ratio of 0.1, an initial 
pressure of 30 bar, and a RT of 30 minutes. As the Ni:Ru ratio increased from 0.1 to 0.9, the GE  
increased from 13.8% to 35.3%, respectively. However, the increase in GE became diminished 
as the Ni:Ru ratio increased, indicating that reaction conditions need to be enhanced (reaction 
temperature, RT) before more of the solid compounds can be converted to gas. Further, the same 
trend exists for the CCE values, increasing from 23.7% at 0.1 and 57.9% at 0.9, respectively. 
This signifies that there is a still large portion of carbon-containing compounds remaining in the 
resulting liquid effluent. However, the resulting liquid effluent could be utilized as a carbon 
source for the growth of biomass such as algae.  
The Ni:Ru ratio also had a positive impact on the gas yield and production of H2 gas. As the 
Ni:Ru ratio increased from 0.1 to 0.9 the gas yield increased from 137.3 to 350.0 g/kg feed (dry 
wt.%) and the H2/COD value increased from 1.9 to 13.4 mg H2/g COD in the feedstock. This 
result shows the positive impact of increasing the content of Raney Ni on the gas quality. Further, 
H2 and CO2 became the two primary components of the gas composition as the amount of Raney 
Ni increased. At a Ni:Ru ratio of 0.9, H2 and CO2 accounted for 10.61 and 6.45 mol/kg dry feed, 
respectively, whereas CH4 and CO only accounted for 0.91 and 0.45 mol/kg dry feed, 
respectively. This indicates that a relatively pure stream of H2 and CO2 exists at a Ni:Ru ratio of 
0.9. CO2 adsorbing technology should be investigated in the future to create a pure stream of H2 
for use as a component for Fischer-Tropsch synthesis, production of pure chemicals, etc.
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Table 7. The effect of the Ni:Ru mixing ratio on the gas yields, efficiencies and gas composition (mol/kg) with a reaction temperature 




Ni:Ru Ratio H2 (mol/kg) 
CH4 
(mol/kg) 
CO (mol/kg) CO2 (mol/kg) CCE (%) GE (%) 
mg H2/g 
COD 
Gas Yield (g/kg 
dry feed) 
10/90 1.50 ± 0.22 1.09 ± 0.06 0.36 ± 0.01 2.31 ± 0.08 23.7 ± 0.9 13.8 ± 0.5 1.9 ± 0.3 137.3 ± 5.3 
25/75 3.00 ± 0.22 1.11 ± 0.06 0.63 ± 0.01 5.18 ± 0.08 48.7 ± 0.3 28.4 ± 0.2 3.8 ± 0.4 282.3 ± 2.2 
75/25 7.46 ± 0.60 1.73 ± 0.41 0.62 ± 0.04 5.87 ± 0.15 56.4 ± 0.1 33.6 ± 0.2 9.4 ± 0.8 334.7 ± 1.1 
90/10 10.61 ± 2.26 0.91 ± 0.50 0.45 ± 0.09 6.45 ± 0.20 57.9 ± 3.4 35.3 ± 1.5 13.4 ± 2.9 350.0 ± 14.7 
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5.1.5 Energy Recovery, CODr, and H2 Content Maximization 
In the gasification system, there is a tradeoff between maximizing the energy recovery, 
CODr, and H2 content. Therefore, understanding how the gasification temperature, and RT 
directly impact these values to find the optimal energy recovery, CODr, and H2 content is of 
great importance. Experiments were conducted utilizing different reaction temperatures (350-
500ºC) and RTs (15-90 minutes) with a constant catalyst to feedstock ratio of 0.1 and a constant 
Ni:Ru of 0.5 in order to better understand the trends in H2 content, the energy recovery, and the 
CODr. One way to combine the effects of both RT and temperature into a single parameter is to 
incorporate a reaction coordinate, which was first reported in a previous study [121]. Previously, 
the reaction coordinate was used for bioprocessing, but it has now been utilized for 
thermochemical conversion technologies, such as HTL and gasification [122]. The value of the 
reaction coordinate is calculated by integrating Equation 9, where t represents the reaction time 




       ∫     (







Previous studies have presented a modified severity factor by changing the value of the 
fitted parameter to provide a better correlation between the severity factor and the dependent 
variable [123]. This study also explored the change in the fitted parameter in order to provide a 
sound correlation between the severity factor, the energy recovery, the H2 content, and the CODr. 
It should be noted that the reaction coordinate is not used in order to provide insights on reaction 
mechanisms. Further, the reaction coordinate does not represent anything in isolation; it is only 
utilized to combine the parameters of RT and temperature into one variable in order to compare 
the effect of multiple parameters to one or more dependent variables [121]. 
As shown in the GC-MS/HPLC results presented in Table 8, the PHWW primarily 
consisted of acids and alcohols (>80%); the alcohols mainly consisted of glycerol (77%). 
Notably, as the reaction coordinate increased, the energy recovery and CODr both tended to 
increase in an exponential manner. Figure 14 demonstrates the trends of the H2 content, CODr, 
and the energy recovery as the reaction coordinate increases. The energy recovery is at a 
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minimum of 4.8% at a reaction coordinate value of 2.6 (350ºC and 30 min), while the energy 
recovery is at a maximum of 42.1% at a reaction coordinate value of 3.3 (400ºC and 90 minutes). 
Similarly, the CODr is at a minimum of 30.5% at a reaction coordinate value of 2.6 (400ºC and 
15 min), while the CODr is at a maximum of 73.2% at a reaction coordinate value of 3.3 (400ºC 
and 90 minutes). The increasing trend of both the energy recovery and CODr is due to the 
increased production of gas, the enhanced breakdown of organic matter, and the marked increase 
of the CH4 content as the reaction conditions become more severe. 
 
Table 8. HPLC Quantification of the abundant compounds present in HF-PHWW. 
Item Unit Value 
COD mg/L 52,134 ± 1,130 
Formic acid mg/L 1,156 ± 239 
Acetic acid mg/L 23,633 ± 448 
Lactic acid mg/L 8,875 ± 285 
Propionic acid mg/L 251 ± 56 
i-butyric acid  mg/L 270 ± 187 
n-butyric acid mg/L - 
Valeric acid mg/L - 
Glycerol
a
 mg/L 16,186 
Heating value MJ/L 0.7191 
aValue determined by the difference of total COD and the COD of the acids. 
 
From the data presented in Figure 14, a reaction coordinate value corresponding to 3.1 
maximized the H2 production, CODr, and the energy recovery. This corresponds to a reaction 
temperature of 400ºC and a RT of 60 minutes. A reaction coordinate value greater than 3.1 sees a 
large drop in the H2 production, which is due to the dominance of the methanation formation 
reaction at increased temperatures (>450ºC) and RTs (>60 minutes). Therefore, under the current 
reaction scheme utilizing a mixed Raney Ni and Ru/AC catalyst, 400ºC with a RT of 60 minutes 




Figure 14. Maximization of the H2 production, energy recovery, and CODr using the combined 
reaction coordinate for various temperatures and RTs with a constant catalyst to feedstock ratio 
(0.1) and Ni:Ru (0.5). 
 
5.1.6 Literature Comparisons 
Table 9 provides a detailed list of the results from previous wastewater gasification 
studies. Compared with nearly all other supercritical wastewater studies, HF-PHWW with a 
Ni:Ru mixed catalyst was able to produce a greater content of H2. Although one other study was 
able to produce a larger H2 content (amounting up to 71%), this study utilized a feed 
concentration lower than the concentration utilized in this study. A lower feed concentration 
would inevitably lead to an enhancement of all gasification parameters (H2 content, carbon GE, 
CCE, energy recovery, etc.). Therefore, one aspect that should be further investigated is the 
effect of feed concentration on the change in the gas and liquid characteristics for CHG of HF-
PHWW. One aspect that needs to be further addressed is the low CODr presented in this study 
with an increasing amount of Raney Ni. Although the 90 minute RT run with a Ni:Ru of 0.5 ratio 
yielded a CODr within the range of previous studies, utilizing a Ni:Ru of 0.9 catalyst lead to a 
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much lower CODr value than other studies. Therefore, additional experiments should be 
conducted using different temperatures and RTs for each of the different using a Raney/Ru 
catalyst rations (0.1-0.9) to maximize the H2 content, CODr, and GE. 
 
Table 9. Literature comparison of wastewater studies. 
 
 
5.2 Results for the Non-Catalytic Hydrothermal Gasification of Direct 
Human Feces 
 
5.2.1 Gas Composition Temperature Trends 
 Figure 15 depicts the impact of temperature on the gaseous product distribution and the 
CCE for the CHG of human feces at a constant RT of 30 minutes. From the trends demonstrated 
in Figure 15, it is clear that CH4 and CO display monotonic increasing trends while that of CO2 
displays a monotonic decreasing trend. As the temperature increased from 400-600ºC, the 
















n.r. None 500 0.2 47 84 [120] 
Oily Wastewater 3,000 None 620 3 35 n.r. [119] 
Chlorella Process 
Water 
11,000 None 350 30 38 n.r. [124] 
Chlorella Process 
Water 




n.r. Ni/AC 685 n.r. 62 99 [114] 
Distillery 
Wastewater 
23,500 None 375 30 48 n.r. [57] 
Sludge HTL Water 8,000 Ru/NiAC 700 n.r. 55 n.r. [125] 
Polyvinyl Alcohol 
Wastewater 
n.r. KOH 510 1 50 59 [115] 
HF-PHWW 33,000 Ni:Ru (0.9) 400 30 56 31 
This 
Study 




16.2%, and the content of CO increased from 0.9% to 16.3%. The dramatic increase in the 
concentration of CH4 can be explained by the increasing importance of the methanation reactions 
as the temperature increases. The methanation reaction is an exothermic reaction 
thermodynamically favored under 600ºC that can consume either CO, CO2, or H2 to produce 
CH4. As the temperature increases from 400-600ºC, the CH4 content will show a marked 
increase; however, above 600ºC the CH4 concentration will then begin to decline in favor of 
more endothermically-favored reactions, such as the boudouard reaction, water-gas reaction, 
methane decomposition reaction, etc. (refer to Table 2). A previous study also corroborated these 
findings noting that that CH4 content becomes a more dominant gaseous product above 500ºC 
[24,126]. The increasing trend of CO and the decreasing trend of CO2 can be largely explained 
by the endothermic boudouard reaction which produces CO at the expense of CO2 at higher 
temperatures. Previous studies have also corroborated that the trends of both CO and CO2 are 
due to the boudouard reaction [24]. 
 
Figure 15. Gaseous product distribution and carbon conversion efficiency (CCE) for the 
gasification of human feces with a RT of 30 minutes and a temperature of 400, 450, 500, 550, 
and 600ºC, respectively. 
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 The H2 concentration trend was not monotonic like the other gaseous compounds. In 
particular, the H2 content initially increased from 400ºC (25.1%) to 500ºC (34.3%) but then 
decreased thereafter when the temperature increased to 600ºC (23.2%). A previous study noted 
that above 500ºC, the methanation reaction becomes dominant, so the H2 produced from the 
water-gas shift reaction is thus converted into additional CH4 [115]. This could be due to a 
variety of different reasons. First, H2 does not become a thermodynamically favorable product 
until extreme temperatures are achieved (>600ºC). This is due to the heavily endothermic nature 
of hydrogen-forming reactions (water-gas reaction, methane decomposition reaction, etc.). 
Second, there are a variety of different reactions that compete with one another in the 
temperature range of 500-600ºC, which could lead to the decrease in H2 content after 500ºC. For 
example, the high moisture content of the feedstock shifts the water-gas shift reaction to the right 
to form more H2, however, between 500-600ºC the methanation reaction is heavily favored 
which produces CH4 at the expense of CH4. Further experiments focused on kinetics need to be 
conducted in the future to better understand which reactions are taking place at elevated rates and 
which are favored at low and high temperatures. It is hypothesized that the inclusion of a 
gasification catalyst or increasing the temperature above 600ºC will result in a linear increase in 
the H2 concentration. 
 With regard to the CCE, a nearly linear increase was observed as the temperature 
increased from 400ºC (26.5%) to 600ºC (51.9%). Since the CCE is defined as the total carbon 
content in the gaseous fraction divided by the total carbon content in the feedstock, this trend can 
be easily explained by the chemical reactions taking place during gasification. The feedstock 
gasification reactions, especially the hydrocarbons reforming reaction, are responsible for the 
breakdown of the organic feedstock into H2 and CO, thus these reactions are favored at higher 
reaction temperatures [24,53]. However, since the CCE only reaches a maximum at 51.9%, this 
indicates that a significant amount of carbon still remains in the resulting effluent after 
gasification. Therefore, this signifies that more intense reaction conditions, such as an increase in 
temperature or RT, or the inclusion of a catalyst are needed in order to more effectively convert 




5.2.2 Gas Composition Retention Time Trends 
Figure 16 depicts the impact of the retention on the gaseous product distribution and the 
CCE for the CHG of human feces at a constant temperature of 500ºC. From the trends 
demonstrated in Figure 16, it is clear that the RT has a diminished impact on the gaseous product 
composition in comparison to the impact of temperature. This result has also been demonstrated 
by previous studies [15,115]. Further, the trends for the CO, CH4, and CO2 composition did not 
show apparent linear trends as the RT increased. In fact, the trends for these compounds were 
sinusoidal. Increasing the RT from 15 minutes to 120 minutes, the CO content varied from 6.7% 
to 10.9%, the CH4 content varied from 22.7% to 28.2%, and the CO2 content varied from 31.3% 
to 37.3%. Therefore, it is clear that the RT did not have a large impact on these gaseous 
compounds. On the other hand, the H2 concentration seemed to be more sensitive to a change in 
RT. As the RT increased from 15 minutes (31.8%) to 30 minutes (34.3%) the H2 concentration 
initially increased and then continually decreased as the RT time reached 120 minutes (25.3%). 
This clearly indicates that H2 is favored at lower RTs, reaching a maximum content at 30 
minutes. Further kinetic analysis needs to be conducted in the future to better understand the 
favorable gasification reactions at varying RTs. 
 
Figure 16. Gaseous product distribution and carbon conversion efficiency (CCE) for the 
gasification of human feces with a temperature of 500ºC and a RT ranging from 15, 30, 60, 90, 
and 120 minutes, respectively. 
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 Conversely, the CCE dramatically increased as the RT increased. From 15 minutes to 120 
minutes, the CCE increased from 20.2% to 56.8%. This is due to the fact that a higher RT leads 
to a higher conversion of organic matter in the feedstock to organic gaseous compounds. 
Therefore, a greater volume of gas is created as the RT increases, but the composition of the gas 
remains relatively unchanged. The lack of dramatic change in the gas composition could indicate 
that the gaseous compounds are at or near thermodynamic equilibrium and that the RT has no 
apparent impact on this equilibrium. In other words, the RT does not directly impact the rate of 
the gasification reactions, however a greater RT allows for greater contact with water (the 
gasification medium) and the feedstock, allowing for a greater amount of gas to be produced. 
 
5.2.3 Carbon Distribution  
 Understanding the distribution and recovery of nutrients and elements in the gasification 
process is an important aspect for understanding how to better enhance the gasification process 
and to understand the scalability of thermochemical conversion technologies. Figure 17 provides 
a depiction of the impact of temperature on the carbon recovery for the gasification of human 
feces sans catalyst. Since the RT data did not present a distinguishable trend in the carbon and 
nitrogen distribution, only the temperature trends will be examined. At 400ºC (40.8%), the 
majority of the carbon is still distributed in the solid residue, indicating reaction conditions are 
not extreme enough to convert the feedstock carbon into gaseous compounds. As 600ºC, the 
carbon becomes more distributed into the gas fraction (51.8%) and the solid fraction (18.3%) 
only has a minimal amount of carbon. Interestingly, as the temperature increases from 550ºC to 
600ºC, the carbon in the solid fraction only minimally decreases from 19.5% to 18.3%. This can 
be explained by the fact that above 550ºC many of the light organic compounds have been 
converted into the gas product fraction; however, the remaining fraction of carbon in the solid 
residue may be heavy, high molecular weight compounds that are not easily gasifiable without 




Figure 17. Carbon recovery for the gasification of human feces with a RT of 30 minutes and a 
temperature of 400, 450, 500, 550 and 600ºC, respectively. 
 
5.2.4 Energy Distribution and Recovery 
 Figure 18 provides a representative depiction of the energy recovery trends from the 
gasification solid, gas, and liquid fractions. The total energy distribution for the solid (Es), gas 
(Eg), and liquid (El) gasification product fractions were calculated according to Equations 12, 13, 
and 14, respectively: 
 
 
    
   (                                   )





Where HHVf is the higher heating value of the feedstock calculated according to the 
Dulong formula; Ms is the mass of the solid residue; C%, H%, O%, and N% are the carbon, 
hydrogen, oxygen, and nitrogen mass fractions in the solid residue.  
 
 
    
   (                                 )




Where Vg is the volume of the produced gas (m
3
); H2%, CO%, and CH4% are the volume 
percentages of hydrogen, carbon dioxide, and methane in the product gas, respectively. 
 
                (12) 
 
 
Figure 18. Energy distribution and total energy recovery for the gasification of human feces with 
a with a RT of 30 minutes and a temperature of 400, 450, 500, 550, and 600ºC, respectively. 
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 From the trends depicted in Figure 18, the gas fraction only constitutes a small portion of 
the overall energy at 400ºC (2.4%), but increases significantly as the temperature increases up to 
600ºC (32.8%). This is due to the greater amount of CH4 and CO being produced in the gas 
fraction as the temperature increases from 400ºC to 600ºC. The energy recovery of the gas 
fraction is heavily dependent on the CH4 content, as shown in Equation 14, which explains why 
even though the H2 content decreases from 500ºC to 600ºC, the energy content of the gas 
fraction still increases significantly. Conversely, the solid fraction continually decreases from 
39.7% at 400ºC to 17.4% at 600ºC. As the temperature increases, the rates for the gasification 
reactions increase substantially. This leads to more of the organic matter in the feedstock being 
converted into gaseous products by reactions such as the hydrocarbons reforming reaction. Thus, 
although the mass fraction of the C, H, N, and O fractions may remain relatively unchanged, as 
the temperature increases the solid fraction mass decreases and the gas produced increases. This 
leads to the mass fraction becoming less significant and the gas fraction becoming more apparent 
as the temperature of gasification increases from 400ºC to 600ºC. One problem that remains is 
the large fraction constituting the aqueous and losses. In order to improve the overall efficiency 
and loss of energy, a catalyst needs to be employed in future work in order to more effectively 
convert the feedstock organic matter into gaseous products. 
 In comparison to HTL, a competing thermochemical waste conversion technology, the 
energy recovery of the gasification process is quite low. A previous study noted that an energy 
recovery of the bio-crude oil for the HTL of swine manure reached up to 49.9%, which is higher 
than the 32.8% attained by the CHG of human feces [14]. The inclusion of a ruthenium 
heterogeneous catalyst to enhance the production of CH4 could lead to an even greater CHG 
energy recovery value [127]. Research regarding energy recovery for gasification processes 
remains relatively limited and needs to be explored to ensure the feasibility of this 




GASIFICATION CHALLENGES AND FUTURE WORK 
 
One of the main challenges dominating non-catalytic gasification is the produced tar. For 
gas engines or turbines, tar accumulation needs to be less than 30 mg/m
3
. For syngas and high 
value chemical production, the tar content should be reduced to as little as 1 mg/m
3
 [128]. Tar 
reformation is a method to reduce the overall tar content in the produced gas. Tsuboi et al. [129] 
reported a tar reforming efficiency of 99.9% could be attained at an oxygen to syngas ratio of 
0.11, a temperature of 1,300ºC, and a residence time of 4 seconds. The H2 content was also 
increased from 28.0% to 44.5%. Little information is available which details how steam and 
oxygen affects tar’s physical and chemical characteristics.  
Materazzi et al. [130] used plasma gasification to reform wet gas produced from air 
gasification in a fixed bed system. A H2 content of 39.6% was attained with a heating value of 
9.49 MJ/m
3
. Further, in this study since the plasma gasification was conducted at above 1,000
o
C, 
no tar or char formation was observed. However, little information is known about the 
economics of a plasma gasification plant. Further studies need to be conducted in order to 
understand if plasma processing technology is a viable option for biowaste feedstock. 
Chunfei et al. [83] utilized a two-stage pyrolysis-gasification system with the 
incorporation of a Ni-Mg-Al catalyst to gasify model compounds. They found that first 
pyrolyzing lignin at 500ºC and then utilizing steam and a metal catalyst to reform the gas, a H2 
rich gas (55.1%) could be produced with a GE of up to 42.7%. Since carbon deposition is one of 
the main causes for catalyst activation, two-stage reforming is a promising method to increase 
the activity of gasification catalysts. 
De Diego et al. [128] implemented catalytic filters into a dual fluidized bed reactor to 
reduce the tar content of real biomass. A tar removal efficiency of up to 95% was reported which 
amounted to as little as 0.2 g/m
3
 of the total gas. This study utilized a catalytic layer (MgO and 
NiO) with additional monolith at 850ºC. However, the longevity of this catalytic layer is 
currently not clear. In order to assess economic viability, further studies need to be conducted to 
analyze the efficacy of catalytic filters over a long duration of time. 
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Tao et al. [131] utilized an electrochemical reforming method to break down tar model 
compounds (toluene, benzene, and 1-methylnapthalene). Ni-Cr wire was used to generate 
thermal electrons for the electrochemical reforming process with the inclusion of a Ni–CeO2/γ-
Al2O3 catalyst. This study found that a 99.9% conversion of toluene occurred at a temperature of 
800ºC, an S/B ratio of 3.0, and a current of 4A [131]. Electrochemical reforming was found to 
reduce the content of light tar compounds. However, this process still fails to reduce high 
molecular weight tar compounds. The mechanism of this process needs to be elucidated in order 
to better understand the role of electrochemical currents in the tar degradation process. 
A second major challenge facing gasification is the separation of gaseous products. A 
pure stream of H2 or H2/CO is needed for the production of high value chemical products or 
Fischer-Tropsch synthesis of liquid fuels. Cryogenic distillation is one method for gas separation, 
but the high energy requirements prohibit it from viable commercial application. Yin et al. [132] 
incorporated a zeolitic imidazolate framework in order to selectively isolate gaseous products. 
Zeolotic frameworks are porous materials that consist of metal nodes which are then linked by 
imidazolate ligands, similar to that of zeolite. This study found that the H2/CO ratio and H2/CO2 
ratio could be increased by a factor of 6.08 and 4.95 at 200ºC, respectively. However, the 
thermal stability of the zeolitic framework was poor at high temperatures. Further research needs 
to be conducted to enhance the performance of this framework under more extreme reaction 
conditions. 
Wang et al. [133] utilized a novel technology, chemical looping gasification, to produce a 
stream of gas that contained 98.8% H2 and CO from corncob. In this gasification process, a 
transition metal oxygen carrier is utilized to provide oxygen during the gasification process. The 
oxygen carrier moves to an air reactor where it replenishes the oxygen and returns to the 
gasification reactor to provide oxygen as the gasification agent. This method offers an innovative 
and economic solution to replacing pure oxygen as a gasification agent. Wang discovered that 
above 800ºC and 1000ºC the amount of CH4 and CO2 reduced to 0%, respectively, with the 
inclusion of a Mn2O3 catalyst. The amount of H2 and CO amount to approximately 44% and 55%, 
respectively. 
A third challenge facing gasification is the poisoning and deactivation of catalysts. The 
deactivation of catalysts leads to increased input costs, decreased catalytic activity, and low 
conversion of biomass to gaseous products. Gasification products of biomass and biowaste 
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generally contain sulfur compounds. These compounds, such as hydrogen sulfide, thiophene, and 
carbonyl sulfide, at even low concentrations (<10 ppm) can poison gasification catalysts [134]. 
Kochermann et al. [135] explored the incorporation of activated carbon catalysts for the 
chemiadosprtion of H2S. They discovered that a H2S concentration of 2 ppm leads to a loss of 
catalytic activity of <1% while 5 ppm generates a loss of activity of more than 8%. Non-
impregnated activated carbon could protect the catalyst activity for 40-90 minutes. The 
incorporation of oxygen as a gasification agent could lead to a decreased content of sulfur-
containing compounds in the product gas. The oxidation of H2S results in the production of S8 
and H2O, which could significantly reduce the content of sulfur-containing compounds. Further 
studies need to be performed utilizing oxygen as a gasification agent to analyze the impact of the 
energy recovery on the resulting product gas composition. 
Rechulski et al. [136] emphasized the need for comprehensive quantification of sulfur-
containing compounds in biowaste gaseous products. Most researchers only quantity H2S as a 
representation of the total amount of sulfur-containing compounds in the product gas. Rechulski 
found that gasification of agricultural resides yielded a myriad of thiophene and thiophene-
derivatives (44.52-61.46 mg S/m
3
). Thiophene accounted for 81.6% of all other sulfur-containing 
compounds in the gasification gas (excluding H2S). Therefore, complete quantification of sulfur-
containing compounds is needed. Even if H2S is completely removed, other sulfur-containing 
components are abundant enough to poison catalysts and lead to process performance problems 
in gasification plants. Further understanding of sulfur-containing compounds is necessary to 






SUMMARY AND CONCLUSIONS 
 
This study explored the current status of gasification technology and detailed the benefits 
and limitations of different gasification processes, especially for biowaste as a gasification 
feedstock. In particular, this study elaborated on a variety of different areas of concern and came 
to the following conclusions:  
 
 Steam is a promising gasification agent compared with air and oxygen. Although air is 
readily available, nitrogen dilutes the HV of the produced gas and can lead to difficulty in 
gas separation. Oxygen is an expensive alternative that produces a medium heating value 
gas; however, it is also difficult to separate the valuable produced. Steam could be cost-
effective and selectively produces a high HV H2 gas which can be utilized for a variety of 
different energy applications. 
 
 The reactor chosen for steam gasification impacts the feedstock that can be utilized, the 
gas quality, and the operation. High temperature systems (entrained flow reactor and 
plasma gasification reactors) lead to a low tar and ash content in the resulting syngas; 
however, these systems invoke a large monetary burden. Lower temperature systems 
(fixed and fluidized bed reactors) require the use of an active catalyst to reduce the tar 
content and selectively isolate H2. 
 
 Temperature is the most important factor of the steam gasification of biomass since steam 
gasification reactions are endothermic. Therefore, raising the temperature increases the 
gas yield, promotes tar cracking, and increases the production of H2. Steam has been 
shown to increase the content of H2 in the resulting gas. However, it is not exactly known 
the direct role of steam in the tar degradation process. Although steam can selectively 
produce H2, there is a limit to the S/B ratio that can maximize gas yield, H2 production, 
and the GE, which depends on the gasification parameters. 
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 Catalysts have a pronounced effect on the selection of H2 and reduction of tar. In 
particular, homogeneous catalysts, although difficult to recover, have the ability to adsorb 
CO2 and thus produce a high purity of H2. Heterogeneous catalysts have been proven to 
be an environmentally friendly alternative, because they are easy to recover and can be 
reused. However, heterogeneous catalysts have a problem with catalyst sintering, coking, 
and poisoning. 
 
 Steam has a significant influence on the energy and exergy efficiency of the gasification 
process. In particular, with an increase in the S/B ratio the exergy and energy recovery 
will initially increase but then decrease after reaching a maximum. Therefore, if 
maximum energy recovery is the goal, the temperature, S/B ratio, and the moisture 
content of the feedstock need to be optimized in order to maximize the energy and exergy 
efficiency. 
 
This study also investigated the CHG of HF-PHWW and direct human feces for the 
production of H2 and CH4. Conducting catalytic and non-catalytic CHG with these two 
feedstocks lead to the following conclusions: 
 
CHG Screening Study of HF-PHWW 
 Different gasification catalysts can be utilized which meet different objectives. If 
producing H2 gas is the main objective, a combination of Raney Ni and Ru/AC with a 
Ni:Ru of 0.9 is the optimal catalyst because it maximizes the H2 content (56.3%). If 
wastewater treatment is the main objective, Ru/AC is the optimal catalyst because it 
maximizes both the CH4 content (31.8%) and CODr (97.7%). If utilizing the resulting 
wastewater to grow algae is the main objective, AC is the optimal catalyst because it 
leads to the greatest reduction in the ammonia content (74.6%). 
 
 The combination of Raney Ni and Ru/AC at 400ºC and a 30-minute RT demonstrated 
that as the ratio of Ni:Ru increased from 0.1 to 0.9 the H2 composition increased from 
28.1% to 56.3%. Similarly, the GE and CCE both increased from 13.8% to 35.3% and 
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23.7% to 57.9% as the Raney Ni content increased at 400ºC and a 30-minute RT. 
Conversely, the CODr decreased from 72.0% to 30.6% as the Raney Ni ratio increased. 
 
 Analysis of the impact of the reaction conditions on the mixed catalysts using a reaction 
coordinate diagram demonstrated that as the reaction coordinate increased the energy 
recovery (42.1%) and CODr (73.2%) reached maximum values at the most severe 
reaction conditions (400ºC and a 90-minute RT). Conversely, the H2 content exhibited a 
parabolic trend reaching a maximum value of 9.5 mg H2/g COD at 400ºC and a 60-
minute RT and then decreasing at higher reaction coordinate values. Therefore, the 
condition that optimized the CODr, energy recovery, and H2 content was 400ºC and a 60-
minute RT. This study concluded that the optimal temperature and RT utilized for the 
purposes of CHG depends on the objective of the study (maximizing CODr, H2 content, 
CH4 content, etc.). 
 
Non-catalytic CHG of Direct Human Feces 
 Increasing the gasification temperature lead to a positive impact on both the gas 
composition and the CCE values. The CCE and CH4 content reached maximum values of 
56.8% and 44.3%, respectively, at 600ºC. The RT did not have a large impact on the gas 
composition, indicating that the RT is not an important factor for non-catalytic 
gasification of human feces. However, significantly more organic carbon was converted 
into gaseous products as the RT increased, reaching a maximum CCE of 56.8% at 600ºC.  
 
 The gasification temperature had a large impact on the carbon distribution and the energy 
recovery. As the temperature increased, an increasing amount of carbon was converted 
from the solid phase to the gas phase. At 600ºC the gas phase accounted for 51.8% of the 
total carbon in the gasification system. Further, increasing the temperature from 400ºC to 
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Table A.1. Overview of the commonly employed reactor systems for biowaste gasification and their respective 
advantages/disadvantages. 
 
Reactor Configuration Advantages Disadvantages Representative Diagram 
Updraft Fixed Bed Gasifier 
High ash content tolerance 
 
High moisture content feedstocks are 
acceptable 
 
Less sensitive to feedstock size and 
quantity 
 
Low exit gas temperature  
Large amount of tar accumulation 
 
Gas cleanup needed for engine operation 
  
 
Downdraft Fixed Bed 
Gasifier 
Low tar accumulation 
 
Relatively little gas cleanup is needed 
Only dense feedstocks are acceptable 
 
Low energy efficiency 
 
Product gas leaves reactor at high temperature 
 
High ash accumulation 
 






















Bubbling Fluidized Bed 
Gasifier 
Excellent heat transfer 
 
High degree of mixing 
 
Easy ash removal system 
 
Less sensitive to feedstock variations 
 
Can handle large quantity, low quality 
feedstock 
 
High reaction rates, low residence time 
 
Low investment needed for scale up 
Complex operation due to inclusion of 
fluidizing agent 
 
High tar and dust content in produced gas 
 
Formation of eutectics at high temperature 
 




Circulating Fluidized Bed 
Gasifier 




Same as bubbling fluidized bed gasifier 
 
Requires a high velocity of the gasification 
agent 
 

























Entrained Flow Reactor 
High degree of feedstock flexibility 
 
Short residence time 
 
Uniform reaction temperature 
throughout reactor 
 
Low degree of tar in produced gas 
 
Ash easily removed as slag 
High amount of oxidizing agent required 
 
High level of heat in produced gas 
 





Can treat all hazardous and non-
hazardous wastes 
 
Ash easily removed as slag 
 
Safe means to destroy hazardous waste 
 
Little to no ash content present in 
resulting gas 
Large initial economic investment and 
operating costs 
 
Economics still remain uncertain 
 
Frequent maintenance required 
 























Table A.2. The influence of heterogeneous catalysts, homogeneous catalysts, and no catalyst on the steam gasification of biowaste biomass. 
Feedstock Catalyst Reactor Temp. 
RT/Flow 
Rate 
CE GE HHV H2  CH4  CO  CO2  Reference 
Model 
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- No Catalyst 
Fixed Bed 
Reactor 
1000°C 3.0 g/min - - - 56%a 6%a 18%a 19%a 
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